
Analysis of hepatic lentiviral vector transduction; implications on 

preclinical studies and clinical gene therapy protocols. 

 

Peirong Hu,1,8 Yajing Hao,2,8 Wei Tang,1 Graham H. Diering,3,4 Fei Zou,2,5, Tal 

Kafri 1,6,7 

 

1Gene Therapy Center, University of North Carolina at Chapel Hill, 27599 Chapel 

Hill, North Carolina, USA;  2Department of Biostatistics, University of North 

Carolina at Chapel Hill, 27599 Chapel Hill, North Carolina, USA; 3Department of 

Cell Biology and Physiology and UNC Neuroscience Center, University of North 

Carolina at Chapel Hill, 27599 Chapel Hill, North Carolina, USA; 4Carolina 

Institute for developmental disabilities, 27510 Carrboro, North Carolina; 

5Department of Genetics, University of North Carolina at Chapel Hill, 27599 

Chapel Hill, North Carolina, USA; 6Department of Microbiology and Immunology, 

University of North Carolina at Chapel Hill, 27599 Chapel Hill, North Carolina; 

7Lineberger Comprehensive Cancer Center, 27599 Chapel Hill, North Carolina; 

8These authors contributed equally 

Correspondence: Tal Kafri, Gene Therapy Center, Department of Microbiology 

and Immunology, CB#7352, University of North Carolina at Chapel Hill, 104 

Manning Drive, 27559 Chapel Hill, North Carolina, USA. 

E-mail: kafri@med.unc.edu 

Correspondence: Fei Zou, Department of Biostatistics, 3107B McGavran 

Greenberg Hall, CB#7420, University of North Carolina at Chapel Hill, 27599 

Chapel Hill North Carolina, USA 

E-mail: feizou@email.unc.edu 

 

 

 

 

 

 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

mailto:feizou@email.unc.edu
https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


Abstract 

Lentiviral vector-transduced T-cells were approved by the FDA as gene therapy 

anti-cancer medications. Little is known about the host genetic variation effects 

on the safety and efficacy of the lentiviral vector gene delivery system. To narrow 

this knowledge-gap, we characterized hepatic gene delivery by lentiviral vectors 

across the Collaborative Cross (CC) mouse genetic reference population. For 24 

weeks, we periodically measured hepatic luciferase expression from lentiviral 

vectors in 41 CC mouse strains. Hepatic and splenic vector copy numbers were 

determined. We report that CC mouse strains showed highly diverse outcomes 

following lentiviral gene delivery. For the first time, moderate correlation between 

mouse strain-specific sleeping patterns and transduction efficiency was 

observed.  We associated two quantitative trait loci (QTLs) with intra-strain 

variations in transduction phenotypes, which mechanistically relates to the 

phenomenon of metastable epialleles. An additional QTL was associated with the 

kinetics of hepatic transgene expression. Genes comprised in the above QTLs 

are potential targets to personalize gene therapy protocols. Importantly, we 

identified two mouse strains that open new directions in characterizing 

continuous viral vector silencing and HIV latency. Our findings suggest that wide-

range patient-specific outcomes of viral vector-based gene therapy should be 

expected. Thus, novel escalating dose-based clinical protocols should be 

considered.  
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Introduction 

The first FDA approval of a gene therapy product as a cancer medication 1 

has formally opened a new era in medicine. The successful gene therapy clinical 

trials that lead to the aforementioned FDA policy were premised on several 

lentiviral and gamma-retroviral vectors-based clinical trials 2,3. More recently, 

success in employing adeno associated virus (AAV)-based vectors to treat 

incurable genetic diseases further underscored the therapeutic potential of gene 

therapy. 4,5  However, due to safety concerns, the spectrum of gene therapy-

treated disorders primarily includes fatal or incurable genetic and acquired 

diseases.  

To fully realize the therapeutic potential of gene therapy, it is essential to 

minimize patient to patient variations in safety and efficacy of gene therapy 

protocols. This requirement cannot be met by current preclinical studies, in which 

the safety and efficacy of therapeutic viral vectors are mostly evaluated in a large 

cohort of rodents with an identical genetic background, and contingent with 

availability, in a small number of large animals (e.g., nonhuman primates). 

Concerns regarding the reliability of the above  preclinical research system at 

predicting the therapeutic outcomes of viral vector-mediated gene delivery to 

heterogeneous patient populations were raised by a number of murine-based 

preclinical gene therapy studies demonstrating strain-specific efficacy and 

safety.6,7 8 Indeed, several clinical trials employing different viral vectors reported 

on major adverse effects, which could not be predicted by earlier pre-clinical 

studies. 9-14  

Viral vector-mediated transfer of genetic cargos to target tissues and cells 

is an orderly process made up of multiple sequential and sometimes overlapping 

steps, whose completion is required for successful gene delivery. The overall 

efficiency of this complex multifactorial process is largely determined by the 

attributes of the parental virus from which a particular viral vector was derived, 

and by a balance of interactions between the virion’s proteins and a plethora of 

host factors. These host proteins and noncoding RNAs are either required for 

efficient completion of each step in the viral vector transduction process 
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(dependency factors), or serve as restriction factors, which provide intrinsic 

immunity and are the first defense line of the host antiviral immune system.15-19  

In a healthy human population and in mouse strains without known genetic 

deficiencies, expression and function levels of host dependency and restriction 

factors are expected to be within a relatively narrow normal range. Thus, mild 

non-pathologic alterations in the function/level of the abovementioned host 

factors are expected to significantly affect the outcomes of viral vector-based 

gene delivery with minimal adverse effects. 

To better understand the effects of host genetic variations on the outcome 

of lentiviral vector-based gene therapy protocols, we sought to screen for natural 

allelic combinations that affect the efficacy of hepatic gene delivery by lentiviral 

vectors in healthy mouse strains. This approach is premised on the ability to 

associate phenotypic data generated in vivo with specific allelic combinations 

unique to genetically characterized mouse strains.  To this end, we characterized 

hepatic gene delivery by lentiviral vectors in the Collaborative Cross (CC) mouse 

strains panel. The CC mouse strains collection is a large panel of recombinant 

inbred strains, which were derived from a pool of eight genetically diverse inbred 

mouse strains including, A/J, C57BL/6J (named below as C57B6), 129S1/SvImJ, 

NOD/ShiLtJ, NZO/HILtJ, WSB/EiJ, PWK/PhJ, CAST/EiJ. Altogether, the CC 

mouse strains panel comprises more than 36 million single nucleotide 

polymorphism (SNP) sites.20 The highly genetically diverse CC mouse strains 

have been successfully used for genetic mapping 21,22 and the development of 

new disease models. 23,24 25 Importantly, in a CC mice-based pilot study 

Suwanmanee et al.8  demonstrated major strain-specific differences in hepatic 

lentiviral vector transduction characteristics including, the level of hepatic 

transgene expression and the pattern of vector biodistribution.  

Here we report on a large-scale genetic study, in which 254 female mice 

from the commonly used C57B6 mouse strain and 41 CC strains were 

intraperitoneally (IP) administered with lentiviral vectors expressing the firefly 

luciferase cDNA under the control of a liver specific promoter (hAAT). Efficacy of 

gene delivery was evaluated by periodic analysis of hepatic luciferase 
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expression. Vectors copy number (VCN) in liver and spleen tissues served as a 

surrogate marker of vector biodistribution. A total of 23 traits of hepatic gene 

delivery by lentiviral vectors were phenotypically and genetically analyzed.  As 

previously described8, we observed significant heritability across these 

measures. We located a QTL in chromosome 1, which was associated with 

changes in hepatic transgene expression between week 1 and week 3 -PVA 

lentiviral vector administration. Four genes comprised in this QTL, Sertad4, Irf6, 

Traf3ip3 and UTP25 are involved in epigenetic regulation, development and the 

innate immune response, and thus can be considered as candidate genes 

contributing to the above phenomenon.  In addition, we identified two QTLs, 

which were associated with in-strain variability (isogenic discordant) in hepatic 

luciferase expression at week 3-PVA and in the ratio of hepatic to spleen vector 

copy number (VCN). These findings suggest that isogenic discordant in host 

permissiveness to completion of different steps in the viral vector transduction 

process is relatively prevalent and genetically regulated. 

In total, our results highlight the impact of genetic variation on initial 

responses, biodistribution and maintenance of lentivirus-based hepatic transgene 

delivery. The wide range of strain-specific permissiveness to hepatic lentiviral 

vector transduction suggests that a modified more conservative approach should 

be considered in designing preclinical and clinical gene therapy protocols.  

 

Materials and Methods 

Mice 

Animal protocol (IACUC 15-270.0) and all procedures were approved by 

the Institutional animal care and use committee of UNC. 

Collaborative cross and C57BL6 mice were obtained from UNC Systems 

Genetics Core Facility (SGCF). 

41 Collaborative Cross strains include: CC002/Unc, CC003/Unc, CC004/TauUnc, 

CC005/TauUnc, CC006/TauUnc, CC008/GeniUnc, CC010/GeniUnc, 

CC011/Unc, CC012/GeniUnc, CC013/GeniUnc, CC016/GeniUnc, 

CC019/TauUnc, CC021/Unc, CC024/GeniUnc, CC027/GeniUnc, 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


CC030/GeniUnc, CC032/GeniUnc, CC033/GeniUnc, CC035/Unc, CC036/Unc, 

CC038/GeniUnc, CC040/TauUnc, CC041/TanUnc, CC042/GeniUnc, 

CC043/GeniUnc, CC044/Unc, CC046/Unc, CC053/Unc, CC055/TauUnc, 

CC056/GeniUnc, CC057/Unc, CC058/Unc, CC059/TauUnc, CC060/Unc, 

CC061/GeniUnc, CC063/Unc, CC065/Unc, CC068/TauUnc, CC070/TauUnc, 

CC072/TauUnc, and CC076/Unc (named below as CC###).  

 

Lentiviral particles production, concentration, and titration  

A lentiviral vector (pTK979) carrying the firefly luciferase cDNA under the 

control of a liver-specific promoter (human alpha1-antitrypsin, hAAT) was 

constructed and used as described earlier (Bayer 2008).26  VSV-G pseudotyped 

lentiviral vector particles were packaged with the packaging cassette DNRF in 

293T cells using three-plasmid transient transfection as described earlier.27 

Vector titer was determined by measuring p24 capsid concentration using p24 

ELISA as previously described.28 All vector preps were tested for replication-

competent retroviruses by 3 independent assays as described earlier.29  

Lentiviral vector administration and in vivo imagine. 

A total of 25 µg p24gag VSV-G pseudotyped lentiviral vectors were 

intraperitoneally injected into each mouse. In vivo expression of vector-delivered 

firefly luciferase in live animals was determined at weeks 1, 3, 6, 8, 14 and 24 

using IVIS Lumina optical system (PerkinElmer, Waltham, MA), as described 

previously.8  

Tissue vector copy number  

Genomic DNAs from liver and spleen were isolated by using the Purelink 

Genomic mini-DNA kit (Invitrogen). Additional RNaseA (Fermentas, Waltham, 

MA) digestion step was added during DNA extraction to remove excessive 

RNAs. Total viral copy number (VCN) was quantified by multiplex PCR on 

ABI7300 Realtime PCR system as described earlier.30  

Sleep phenotyping and behavior analysis  

Mice of the following strains C57BL/6J and CC strains 011, 013, 027, 033, 036, 

041, 057, 058, 060, 072 were moved to our wake/sleep behavior satellite facility 
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maintained on a 12 h:12 h light:dark cycle (lights on 7 am to 7 pm). Individual 

mice were housed in 15.5 cm2 cages with bedding, food, and water. Before the 

beginning of data collection, mice were allowed to acclimate to the environment 

for at least two full dark cycles. No other animals were housed in the room during 

these experiments. Sleep and wake behavior were recorded using a noninvasive 

home-cage monitoring system, PiezoSleep 2.0 (Signal Solutions, Lexington, KY), 

as previously described 31. Briefly, the system uses a Piezoelectric polymer film 

to quantitatively assess sleep/wake cycles, total amount of sleep and quality from 

mechanical signals obtained from breath rate and movement. Specialized 

software (SleepStats, Signal Solutions, Lexington, KY) uses an algorithm to 

discern sleeping respiratory patterns from waking respiratory patterns. Sleep was 

characterized according to specific parameters in accordance with the typical 

respiration of a sleeping mouse. Additional parameters were set to identify wake 

including the absence of characteristic sleep signals and higher amplitude, 

irregular signals associated with volitional movements, and even subtle head 

movements during quiet wake. Data collected from the cage system were binned 

for every 1 h to generate a daily sleep trace or 12 h bins for average light- or 

dark-phase percent sleep and light over dark ratios were calculated. This 

algorithm has been validated in adult mice by using electroencephalography, 

electromyography, and visual evaluation 32-35 and utilized successfully in 

additional studies 36,37. 

Statistical and QTL Analyses 

We employed 254 female mice from C57B6 and 41 Collaborative Cross 

(CC) strains, with 4 to 8 replicates per strain. We measured hepatic luciferase 

expression at week 1, 3, 6, 8, 14, and 24 as well as liver VCN and spleen VCN. 

We calculated the difference in hepatic luciferase expression between different 

weeks, the ratio of this difference to the hepatic luciferase at the earlier week, 

and vector specific activity (SA) as the ratio of hepatic luciferase to liver VCN. All 

statistical analyses were conducted using R (version 4.2.1).  To identify potential 

outliers, hepatic luciferase expression, VCN, and specific activity were first log 

transformed and then their robust estimates of mean and standard deviation 
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were calculated (per strain) by Winsorized statistical measurements.38 The ratio 

of difference to the hepatic luciferase expression at the earlier week were added 

one before log transformation since some ratios were negative. Observations 

more than 4 standard deviations from the mean were flagged as outliers, 

resulting in 11 outliers across 3 phenotypes. All QTL analyses were performed 

on the cleaned data with the outliers being removed.   

To estimate the broad-sense heritability of each phenotype, we performed 

a one-way ANOVA where the CC strains were modeled as a categorical variable. 

Broad-sense heritability was defined as the percentage of the phenotype 

variance explained by the CC strains, and results are summarized in table 3. 

We downloaded the probability matrix of 36 genotype calls (8 homozygous 

calls and 28 heterozygous calls) across 76,689 SNPs from 

https://csbio.unc.edu/CCstatus/index.py?run=FounderProbs, which were then 

converted into 8-state allele probability matrix. We performed QTL mapping at 

each SNP using the qtl2 package in R. The genome-wide significance was 

empirically assessed through 1000 permutations. Phenotypes with top candidate 

loci that passed the genome-wide significance threshold of 0.2 are listed in table 

4 with their corresponding p-value, LOD scores, Bayes credible intervals, and 

heritability of the top SNP.   

 

Results 

This study is based on the notion that long-term expression of therapeutic 

level of lentiviral vector-delivered genetic cargos without adverse effects is the 

hallmark of efficacious therapeutic gene therapy protocols. However, variation in 

the outcomes of viral vector-based gene therapy among patients, bounds the 

usage of gene therapy protocols to incurable human diseases.9-14 We assume 

that the phenomenon of patient specific outcomes is secondary to the host 

genetic background. We believe that identification of specific host genetic loci 

associated with the efficacy and safety of lentiviral vector gene delivery would 

improve our ability to predict the outcomes of therapeutic gene delivery and 

would pave the way to the development of personalized gene therapy protocols.   
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Our approach of achieving this goal, is premised on associating quantifiable 

phenotypes of lentiviral vector-mediated gene delivery with the genetic 

background of 41 genetically diverse CC mouse strains. This strategy was 

supported by an earlier pilot study demonstrating strong host genetic effects on 

the efficacy of lentiviral vector hepatic gene delivery in 12 CC mouse strains.8 

Vector copy number (VCN) in target organs, and vector specific activity 

(transgene expression level per vector genome) determine long-term transgene 

expression level. Two intrinsic host mechanisms negatively affect long term 

transgene expression from lentiviral vectors. Epigenetic silencing of the 

transgene expression cassette would result in overall reduction in transgene 

expression without affecting VCN. Whilst transgene induced cytotoxicity or 

cellular immune response directed to vector-transduced cells would reduce VCN 

and overall transgene expression levels. Note that relatively rapid uncoating of 

HIV-1 based vectors 39  and the lack of earlier exposure of CC mice to HIV 

antigens render the possibility that cellular immune response to HIV-1 antigens 

will contribute to decline in transgene expression in vector transduced mice less 

likely, however not completely improbable.40 Accordingly, the study presented 

here aimed at identifying host genetic loci associated with the above parameters 

that affect long-term outcomes of lentiviral vector transduction. The study 

comprised two parts. A data collection part in which, we periodically quantified 

hepatic transduction efficiency and analyzed more than 23 traits (Tables 1-2 and 

Figures 1-14) of lentiviral vector-mediated hepatic gene delivery in multiple CC 

mouse strains. Based on these findings and on the well characterized genetic 

background of CC mouse strains, in the second part of this study, we identified 

quantitative trait loci (QTLs), which were linked by association to strain-specific 

characteristics of hepatic gene delivery by lentiviral vectors. 

Broad range of lentiviral vector-mediated hepatic luciferase expression 

among 41 collaborative cross mouse strains. 

We sought to characterize strain-specific traits affecting the 

abovementioned aspects of lentiviral vector mediated hepatic gene delivery. To 

this end, VSV-G pseudotyped lentiviral vectors carrying the firefly luciferase 
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cDNA under the control of a liver specific promoter (hAAT) were intraperitoneally 

administered to 254 females of C57B6 and 41 CC mouse strains. Hepatic 

luciferase expression was quantified periodically for 24 weeks (Figures 1-4). 

As shown in figures 2-4 and table 1, we observed a broad range (up to 

200-fold difference) of hepatic transgene (firefly luciferase) expression levels 

among the CC mouse strains. The means of hepatic luciferase expression 

among all CC mouse strains at week-1 (first measurement) and week-24 (last 

measurement) were, 1.61 x107 and 2.51 x 107 photon/second, respectively. Strains 

CC061 and CC057 exhibited the highest and lowest means of hepatic luciferase 

expression at week-1 and week 24-PVA (9.68 X 107 and 9.60 X 105 photon/second 

at week 1 and 1.30 X 108 and 1.02 X 106 photon/second at week 24-PVA, 

respectively). 

 As shown in figures 2-4, the means of luciferase expression levels at week 

24-PVA in 15 of the 42-studied strains (35.7%) were lower than 107 photon/second. 

In additional 25 mouse strains (59.5%) the means of luciferase expression levels 

at week 24-PVA were higher than 107 photon/second. These data underscore the 

high variability in hepatic gene delivery by lentiviral vector among the CC mouse 

strains. 

Hepatic and splenic lentiviral vector-genome copy number per cell (VCN) in 

CC mouse strains. 

 Delivery of reverse-transcribed lentiviral genomes to target cells 

(hepatocytes) nuclei culminates a multistep process. The efficiency of each of 

these steps directly affects the overall outcome of hepatic gene delivery. VCN in 

transduced mouse tissues is a surrogate marker of lentiviral vector gene delivery 

efficiency. To further characterize the effects of the host genetic background on 

lentiviral vector-mediated hepatic gene delivery, we employed qPCR-analysis to 

determine hepatic and splenic VCN in all vector transduced mice. As shown in 

figure 5 and table 1, we observed more than 40-fold difference between the 

highest and the lowest means of hepatic VCN in C57B6 (highest VCN 1.911) and 

CC024 (lowest VCN 0.045), respectively. The mean hepatic VCN of all studied 

mouse strains was 0.47 vector genome per cell.  The overall mean VCN in all 
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splenic tissues of all mouse strains, (0.19 vector genome per cell) was lower than 

that observed in hepatic tissues (Figure 6 and Table 1). The lowest and highest 

means of splenic VCN (0.04 and 0.78 respectively) were exhibited by strains 

CC055 and CC056, respectively. Note that these mouse strains (CC055 and 

CC056) are different from their counterparts that exhibited the lowest and highest 

hepatic VCN (CC024 and C57B6, respectively). To better understand the 

mechanisms affecting VCN in mouse tissues, we determined the ratio of hepatic 

to splenic VCN in all studied mice. As shown in figure 7 and table 1, the lowest 

(0.43) and highest (12.18) mean of hepatic VCN to splenic VCN ratio (in strains 

CC038, and CC011, respectively) differed by more than 28-fold.     Altogether, 

these data suggest that the level of host factors affecting CC strains VCN are 

both strain, and cell type specific. 

As expected, we found good correlation between the means of lentiviral vector 

transgene expression and the mean of hepatic VCN (Figure 8).   

The kinetics of hepatic luciferase expression level in CC mouse strains. 

The ability to maintain therapeutic levels of transgene expression is the 

hallmark of all successful gene replacement therapies. To study the effects of the 

host genetic background on the kinetics of hepatic transgene expression from 

lentiviral vectors, we determined the differences between hepatic luciferase 

expression levels at week 1-PVA and luciferase expression levels at weeks 3 

and 24-PVA (D of W3-1 and D of W24-1, respectively). Since the levels of 

luciferase expression at week 1-PVA intrinsically affect the absolute value of the 

above Ds (Figure 9), we normalized the effects of W1-PVA expression levels by 

dividing the values of the above Ds with the values of their respective expression 

levels at W 1-PVA (DW3-1/W1 and DW24-W1/W1). As shown in figures 2, 10-11 

and table 1, C57B6 mice and most of the CC mouse strains exhibited a stable or 

an increased hepatic luciferase expression throughout the study. However, two 

mouse strains, CC021 and CC024 showed a significant decrease in hepatic 

transgene expression levels between Weeks 1- and 24-PVA. Specifically, W24-

W1/W1 of -0.81 and – 0.76 were calculated for CC021 and CC024, respectively. 

This phenomenon could have been mediated by, either specific elimination of 
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luciferase-expressing hepatocytes or/and by transcriptional silencing of the 

lentiviral vector expression cassettes. We theorized that VCN in hepatic and 

splenic tissues in CC021 and CC024 mouse strains could imply on the role of the 

above two mechanisms in the decrease of hepatic transgene expression from 

lentiviral vectors. As shown in figures 5 and 7, hepatic tissues in CC024 mice 

exhibited the lowest levels of VCN, and the second lowest hepatic VCN to 

splenic VCN ratio. These findings support the hypothesis that elimination of 

luciferase-expressing hepatocytes probably contributed to the decrease in 

hepatic transgene expression from lentiviral vectors. Per contra, CC021 mice 

exhibited moderate levels of hepatic VCN and the third highest ratio of hepatic to 

splenic VCN. Based on these data, we suggest that transcriptional silencing of 

the lentiviral vector cassettes contributed to the decrease in hepatic luciferase 

expression between weeks 1 and 24-PVA in CC021 mice.  

Lentiviral vector specific activity in CC mouse strains. 

 The above findings implied that strain-specific transcriptional regulation of 

lentiviral vector cassettes controls hepatic transgene expression. Thus, we 

sought to characterize specific activity (SA) of lentiviral vectors carrying a liver 

specific promoter (hAAT) in the above panel of CC mouse strains. To this end, 

vector SA activity in each of the studied mice was calculated by dividing mouse 

hepatic luciferase expression level at week 24-PVA by mouse hepatic VCN. The 

CC mouse panel exhibited a wide range of mean lentiviral vector SA (Figure 12 

and Table 1).  Specifically, more than 30-fold difference in vector SA were 

observed between the lowest and highest means of vector SA, (6.9 x 106 

photon/second/VCN in mouse strain CC021 and 2.3 x 108 photon/second/VCN in 

mouse strain CC063, respectively). These findings indicate that in addition to 

VCN, vector specific activity which is determined by the host transcription factors 

profile and the epigenetics of the vector affect the outcomes of gene delivery in a 

strain specific manner. 

Correlations between different characteristics of hepatic transduction by 

lentiviral vectors. 
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 To better understand the mechanisms affecting hepatic transduction 

efficiency by lentiviral vectors, we calculated the correlation between the above 

traits (Figure 8). Hepatic luciferase expression levels in weeks 1- to 14-PVA 

highly correlated with hepatic luciferase expression at week 24-PVA. A mild 

increase in Spearman correlation was observed between weeks 1-PVA/24-PVA 

(0.84) and weeks 3-PVA/24-PVA (0.95).  As expected, the levels of hepatic VCN 

positively correlated with hepatic transgene expression throughout the study (R ≥ 

0.56).  Vector SA (hepatic luciferase expression at week 24-PVA / VCN) 

positively correlated with hepatic luciferase expression at weeks 1 to 14-PVA. 

The lowest level of Spearman correlation of vector SA was observed with week 

1-PVA (0.66). A mild increase in Spearman correlation was observed at week 3-

PVA (0.72) and was comparable to the Spearman correlation at weeks 6,8 and 

14-PVA). Except for Spearman correlation between hepatic luciferase expression 

at week 24-PVA and the differences observed in hepatic luciferase expression at 

weeks 1 and 3-PVA (0.50), differences in hepatic luciferases expression between 

the different time points during the study did not correlate with hepatic luciferase 

expression at week 24-PVA. Altogether, these findings raise the possibility that 

changes in hepatic luciferase expression level and vector SA between weeks 1 

and 3-PVA positively affect long-term hepatic transgene expression from 

lentiviral vectors. 

In-strain variabilities in characteristics of hepatic transgene expression. 

 Intrigued by the wide range of phenotypes, amongst the different CC 

mouse strains, we sought to characterize intrastrain variabilities in the above 

studied traits. To this end, coefficient variation (CV) of the above traits was 

calculated (CV=standard deviation/mean) for each CC mouse strain. As shown in 

figures 13-14 and table 2, we observed a wide range of CVs of the studied 

phenotypes within the different CC mouse strains. These findings indicated that 

the host genetic background affect both strain and intrastrain specific phenotypes 

and raised the possibility that specific host factors contribute to overall intrastrain 

phenotypic variability. Specifically, we sought to investigate if an increased CV in 

a specific phenotype increases the likelihood of observing an increase in CV of 
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other phenotypes. As shown in a heatmap representation (Figure 15) specific 

mouse strains exhibited increased CV in several phenotypes some of which were 

not directly related. These findings suggest that the host genetic background 

could contribute to the overall genotypic phenotypic discordance in a trait specific 

manner and potentially the ability to respond to environmental pressures. 

The overall effect of the host genetics on hepatic transduction by lentiviral 

vectors. 

 To quantify the contribution of the host genetics to the characteristics of 

hepatic transduction by lentiviral vector in the CC mouse strain panel, we 

calculated global heritability of each phenotype that had replicates within each 

CC mouse strain. The corresponding p-values in testing the CC genetic effects 

and the global heritability are summarized in table 3.  As shown, heritability of 

most phenotypes (12 out of 16) ranged between 43.19% to 59.02 % with p-

values <0.0001. Heritability of four phenotypes which focused on the kinetics of 

hepatic transgene expression after week 3-PVA was low (14.79%-23.01%) with 

p-values 0.613-0.037. Per contra the global heritability of changes in hepatic 

luciferase expression between weeks 1 and 3-PVA was highly significant (p-

value <0.0001) and thus, further support the notion that changes in hepatic 

transgene expression from lentiviral vectors are likely to occur during the first 

three weeks post transduction.  Overall, these data confirmed our notion that the 

host genetic background has a major role in establishing strain-specific 

characteristics of lentiviral vectors transduction. However, it appeared that non-

genetic factors also contributed to the above studied phenotypes.  

Mouse strain specific sleep patterns as an intrinsic environmental factor 

affecting hepatic transduction by lentiviral vectors.  

The above findings suggested that in addition to the significant host-

genetic effects on hepatic lentiviral transduction, environmental factors probably 

contributed to the studied phenotypes. Importantly, in this study, all in vivo 

experiments were carried under a tightly controlled environment. We theorized 

that mouse strain-specific sleeping patterns could generate an intrinsic 

environment, which directly affect adult mouse gene expression. Note that daily 
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animal care (e.g. bedding replacement, cage care) and treatments in most 

academic facilities takes place during the mouse daylight/sleep period, which can 

result in continuous sleep disturbances, whose magnitude of effects could be 

mouse strain specific. Furthermore, there is a possibility that aberrant maternal 

sleep patterns induce life-long behavioral and physiological alterations. To study 

the potential effects of sleep patterns on hepatic lentiviral vector transduction, we 

made use of sleep/awake behavior patterns, which were analyzed in a separate 

earlier experiment by PiezoSleep in 11 random mouse strains (C57B6 and 10 

CC mouse strains). The PiezoSleep system is an automated, non-invasive 

home-cage monitoring system that uses vibrational sensors to measure mouse 

motion and breathing to score wake/sleep behavior.32,33,36,37 Mice are nocturnal; 

thus, it is expected that mice will spend most of their sleeping time during the 

light period (Figure 16-A).  The percent of sleep time was determined hourly for 7 

days in the above mouse strains (Figures 16 A-B). To quantify sleep patterns 

behaviors, the averages of the ratios of percent sleeping time during light 

(zeitgeber 1-12) and dark (zeitgeber 13-24) periods were calculated and 

demonstrated significant strain-specific phenotype (Figure 16-B). Next, we 

calculated the correlation between the light/dark sleep ratios in the above 11 

mouse strains and hepatic luciferase expression at week 24-PVA which were 

determined in the respective mouse strains in the current study.  As shown in 

figure 16-C, moderate yet significant correlation (p-value = 0.028 and Pearson’s 

correlation = 0.66) was observed between the levels of hepatic transgene 

expression and the ratio of female mouse sleeping time during light and dark 

periods. Although, highly intriguing, these findings should be further supported by 

using a larger number of CC mouse strains.           

Identification and characterization of QTLs associated with traits of hepatic 

lentiviral vector transduction. 

 To better understand the role of the host genetic background in the 

process of hepatic transduction by lentiviral vectors, we sought to identify 

genomic loci responsible for transcribing either protein-encoding or non-protein 

coding RNAs that affect the above studied phenotypes. For this purpose, we 
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performed a quantitative trait locus (QTL) analysis using qtl2 package in R. 

Specifically, the significance of the linkage between genetic marker (SNPs) and 

the quantitatively characterized lentiviral vector hepatic transduction traits was 

determined by the LOD score (log10 of odds). This method measures the ratio 

between the probability of associating strain-specific SNPs with a linkage to the 

studied trait to the probability of associating strain specific SNPs in the absence 

of linkage.  The genome-wide significance was estimated based on the result 

from 1000 permutations. 

 Three trait-associated QTLs with p-values <0.05 were identified (Table 4). 

The above traits include coefficient variation (CV) of the ratio between liver VCN 

to spleen VCN, CV of hepatic luciferase expression at week 3-PVA, and the 

difference between luciferase expression at week 3 and 1 -PVA divided 

(normalized) by luciferase expression at week 1-PVA.  

QTL association with CV of the ratio between liver VCN to spleen VCN. 

 The phenomenon of strain-dependent intrastrain variations in traits of 

hepatic lentiviral vector transduction (Figures 13-14 and Table 2), raised the 

possibility that this phenomenon is affected by the host genetic background. This 

concept suggests that the host genetic background determines the magnitude of 

isogenic phenotypic discordance of specific traits and potentially the contribution 

of environmental effects on this phenomenon. To test this hypothesis and to 

identify QTLs associated with intrastrain variations, CV of hepatic lentiviral vector 

transduction phenotypes were treated as traits. This approach was premised on 

the notion that in contrast to standard deviations (SDs), CVs are less affected by 

the size of the respective means. Thus, the likelihood of identifying genetic loci, 

which directly affect a CV of a trait is higher compared to those affect SD.   

Indeed, as shown in figure 17, both the means of strain luciferase expression at 

week 3-PVA and the means of the ratios of liver-VCN to spleen-VCN correlated 

better with strain SDs (R = 0.968 and 0.893, respectively) than with strain CVs (R 

= 0.414 and 0.192, respectively). As shown in figures 18 A-D and table 4, QTL 

analysis of CV of the ratios of liver-VCN means to spleen-VCN means, identified 

in chromosome 4 a single QTL with LOD score of 9.47 and p-value of 0.008. The 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


QTL is positioned in Mb 135.41 and its width is 1.61 Mb. It comprises 33 protein-

coding genes and 11 pseudo- genes. The percent of contribution (heritability) 

from the top SNP in QTL regions to the above phenotype is 65.48%. As shown in 

figures 18 C-D. 4 CC (CC010, CC030, CC055, CC057) mouse strains, which are 

composed of the 129s1/SvImJ allele in the above QTL are associated with the 

highest intrastrain differences (CV) in the ratio of liver VCN to spleen VCN. 

Aware of the role of CCCTC-binding factor (CTCF) and retroelements in the 

phenomenon of isogenic phenotypic discordance and genomic imprinting, 41-44  

we mapped CTCF binding sequences in the QTL region as well. As shown in 

figure 19.  247 CTCF binding sites were identified in the above QTL. 7 

129s1/SvImJ-unique retroelements insertions were identified including 5 SINES, 

an RLTR10 and a MaLr.43 Furthermore, the location of the above MaLr insertion 

in the CTCF cluster raises the possibility that in line with earlier reports 

interaction between retroelements and CTCF binding sequences may contribute 

to the increased CV of the above phenotype.41-45  

QTL association with CV of hepatic luciferase expression at week 3-PVA. 

 A second QTL with LOD score of 8.92 and p-value of 0.030 was 

associated with CV (strain-specific intra-strain variation) of hepatic luciferase 

expression levels at week 3-PVA (Figures 20 A-D and Table 4). The QTL is 

positioned in 50.19 Mb of chromosome 7. Its width is 9.28 Mb, and it comprises 

372 genes and 134 pseudogenes. Its percentage of contribution (heritability) to 

the phenotype is 63.26%. As shown in figures 20 C-D and table 4, CC mouse 

strains (CC002, CC003, CC033, CC058), which are composed of the PWK allele 

in the above QTL are associated with the highest CV. 

Identification of a QTL associated with the increase in hepatic luciferase 

expression between weeks 1- and 3-PVA. 

 The kinetics of hepatic transgene expression following nuclear import of 

lentiviral vectors is one of the factors that determine the outcomes of gene 

therapy protocols. To identify genomic loci, which associate with changes in 

hepatic transgene expression from lentiviral vectors, differences between hepatic 

luciferase expression levels at weeks 1- and 3-PVA were determined. To 
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minimize intrinsic effects of transgene expression levels on the ability to 

associate the kinetics of transgene expression and specific QTLs, the above 

differences in expression levels at weeks 1- and 3-PVA were normalized by 

dividing the above differences in luciferase expression with the levels of 

luciferase expression at week 1-PVA. As shown in figures 21 A-D and table 4, 

QTL analysis identified a single QTL, with LOD score of 8.37 and p-value of 0.04. 

It was associated with an increase in transgene expression between week 1 and 

week 3-PVA. The QTL is positioned at 192.36 Mb of Chromosome 1. It 

encompasses 1.35 Mb, and the top SNP in QTL regions contributes 60.92% to 

the above phenotype. As shown in figures 21 C-D, 5 CC mouse strains (CC003, 

CC012, CC019, CC061, CC063), which are composed of the 129s1/SvImJ allele 

in the above QTL are associated with the highest increase in transgene 

expression between week 1- and week 3-PVA. Importantly, the above QTL 

interval comprises 34 genes and 4 pseudogenes including 5 protein encoding 

sequences, which potentially affect the kinetics of transgene expression between 

week 1- and week 3-PVA. These genes include: A) SERTAD4 (involved in cell 

cycle progression and chromatin remodeling) 46,47, B) IRF6 (regulator of 

development and the innate immune response) 48-51, C) TRAF3IP (regulator of 

the innate immune response) 52,53 and D) UTP25/DIEFX (regulator of 

development, ribosome biogenesis and tumor development) 54-56 57. Importantly, 

a recent study 58 reported on chromatin-based interactions between genetic 

variants of the UTP25 promoter, and the TRAF3IP3 and IRF6 genes in immune 

cells which are involved in an autoimmune disorder.  

 

Discussion  

Empirically tailoring conventional therapeutic regimens to an individual 

patient, only partially compensate for our limited ability to accurately predict the 

safety and efficacy of therapeutic protocols for an individual patient. Furthermore, 

this methodology cannot be applied to gene therapy protocols, which are 

premised on a single administration procedure. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


 Variability in the outcome of viral vector-based gene therapy clinical trials 

can be attributed to patient-specific expression profiles of viral dependence and 

viral restriction factors. An increasing number of host factors have been identified 

as HIV dependence factors (HDFs), which are necessary for efficient progression 

through the early and late stages of the viral life cycle.15-19  HIV restriction factors 

(HRFs) are the host’s first line of antiviral defense, which primarily target the 

early steps of the viral life cycle. Although, already present in host cells and 

ready to inhibit viral replication at the time of infection, HRFs also serve as 

inducers of the innate immune response, which in turn further enhance HRFs 

expression.59,60  

In contrast to the multistep HIV-1 life cycle, the process of gene-delivery 

by non-replicating HIV-1 vectors is a single round of infection event, which starts 

at vector attachment to the target cells and is completed with the initiation of 

transgene expression. In contrast to a productive HIV life cycle, which results in 

the release of infectious viral particles, successful transduction by lentiviral 

vectors leads to long-term transgene expression and survival of vector-

transduced cells.  

For more than a decade various approaches have been employed by 

different groups to identify host factors affecting HIV-1 infection in vitro. 61-63 

Interestingly, results from these studies demonstrated only a limited overlap. By 

default, the above studies could not identify candidate genes, which contribute to 

the host in vivo environment and to the adaptive immune response to HIV-1 

infection, which affect long-term expression of viral genes (e.g. HIV latency). 

Furthermore, in vitro screening methodologies which are premised on 

supraphysiological expression levels of transgenes or highly efficient 

knockdowns of host gene expression are probably not compatible with normal 

human physiology. Consequently, small molecules that efficiently target the 

above in vitro identified HDFs and HRFs are likely to inadvertently induce 

cytotoxicity, which limits their therapeutic value.  

Small animal models using a single mouse strain are the premise of most 

safety and efficacy preclinical studies. The applicability of results obtained in 
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mouse models to human translational research could be limited and probably 

mouse strain specific. Importantly, recent mouse models employing the EcoHIV 

chimeric HIV virus accurately emulated complex phenotypes observed in HIV 

infected patients including HIV latency and HIV induced neurocognitive 

impairment.64,65 Per contra, a cardinal study aimed at modeling the development 

of cellular immune response to AAV vector-transduced hepatocytes in gene 

therapy treated patients, did not exhibit characteristics of cellular immune 

response to AAV vector transduced hepatocytes in immunologically sensitized 

mice.66 These findings were not in line with the outcomes of an earlier gene 

therapy clinical trial, in which hemophilia B patients treated with factor IX 

expressing AAV2 vectors exhibited decline in therapeutic factor IX levels and an 

increase in hepatic transaminases.13 Recently reported discrepancies between 

stable long-term correction of factor VIII deficiency in preclinical studies of AAV 

vector-based gene therapy for hemophilia A and human clinical studies 

underscore the significance of this phenomenon.67 The discrepancies between 

the above animal model and the outcomes of the AAV vector-based human 

clinical trial were attributed to several mechanisms including differences in the 

function of mouse and human CD8 cells as well as differences in mouse and 

human AAV capsid processing and antigenic presentation.66 We raise the 

possibility that mouse strain-specific traits could also contribute to the 

discrepancies between human clinical trials and their respective mouse 

preclinical studies, which are premised on a single mouse strain. Importantly, in 

the current study we employed 42 genetically defined mouse-strains to 

characterize the effects of the host genetic background on multiples parameters 

of hepatic gene delivery by lentiviral vectors. Interestingly, a comprehensive 

study by Uchil et al. demonstrated differences in the effects of mouse and human 

Trims on HIV transduction efficiency of human and mouse cells. These finding 

suggest that additional mechanism contributes the discrepancies between 

preclinical and clinical studies.68 

Throughout the study we observed significant differences in hepatic 

transgene expression among the 41 CC mouse strains (e.g. more than 100-fold 
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difference in hepatic luciferase expression in CC057 and CC061). Importantly, 

wide phenotypic range across the CC mouse strain was common to all analyzed 

traits including hepatic and splenic VCN, and vector specific activity. These 

findings indicate that the mouse genetic background and by extrapolation the 

genetic background of human patients determine the efficacy and safety of 

preclinical and therapeutic lentiviral vector-based gene delivery protocols, 

respectively. We assert that significant variability in the outcomes of currently 

employed gene therapy protocols should be expected. Also, it appears that 

unexpected outcomes of gene therapy clinical trials cannot be predicted by 

currently employed murine-based preclinical studies.66 We assert that in order to 

compensate for the limited ability to predict the outcomes of a gene therapy 

protocol in an individual patient, it is reasonable to consider the use of escalating 

dose-based protocols. 

In most CC mouse strains, periodic analysis of hepatic luciferase 

expression demonstrated stable or an increase in transgene expression between 

weeks 1 and 24-PVA. However, two CC mouse strains (CC021 and CC024) 

exhibited continuous decrease in hepatic luciferase expression. The mean 

hepatic VCN of the CC021 strain (0.41 vector genomes per cell) was higher than 

the VCN of 24 CC mouse strains. Based on these findings we theorized that 

epigenetic silencing of lentiviral vectors carrying hepatic specific promoter (hAAT) 

contributed to this phenomenon. This notion was supported by the fact that 

vector specific activity (SA) in CC021 hepatocyte was the lowest among the 

studied CC mouse strains. In contrast, CC024 mouse strain hepatocytes 

exhibited the lowest mean VCN of 0.045 and an average SA, which suggested 

that either luciferase cytotoxicity or the host cellular immune response to 

luciferase expressing hepatocytes were involved with the decline in hepatic 

luciferase expression between weeks 1 and 24-PVA.40 The continuous decline in 

hepatic luciferase expression in CC021 and CC024 was mediated by two 

separate mechanisms. It took place in the context of healthy animals, which were 

transduced with integrating, self-inactivating (SIN) vectors carrying a liver specific 

promoter.  These characteristics suggest that the above mechanisms are 
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probably part of a general host antiviral response, which is independent of the 

HIV LTR sequence, the vector integration site, and the nature of the vector’s 

internal promoter. These findings open new directions in identifying novel host 

factors, which affect long-term expression from lentiviral vectors and could be 

involved in the establishment of latent HIV reservoirs. Furthermore, since the 

above phenomena were characterized in healthy mice, it is reasonable to 

assume that mild non-toxic alterations in expression/function of the above newly 

identified host factors could be sufficient to prevent the decline in hepatic 

transgene expression from lentiviral vectors and to treat the latent HIV reservoirs 

with minimal adverse effects. Interestingly, to a certain degree the continuous 

decrease in luciferase in CC024 and CC021 is in line with the decrease  in factor 

FVIII activity in hemophilia A patients treated with high doses of AAV vectors 

carrying factor VIII.67 

 The notion that preclinical mouse studies can be employed to 

characterize complex, multifactorial pathologic traits in humans was the impetus 

to the development of the CC recombinant inbred mouse strains panel.69 As 

described above, 8 mouse strain were subjected to a carefully planned 

intercrossing breeding protocol, which generated novel, genotypically 

characterized mouse strains. The novel CC panel of mouse strains has been 

successfully employed in an increasing number of studies aimed at 

understanding the role of the genetic background in the development and 

outcomes of various pathologic processes. These include bacterial, fungal and 

viral infections, 22,23,70-75 metabolic disorders, 76 inflammation 24, cancer 77-79 

neurological and immunologic disorders.80,81 Here we employed the valuable CC 

mouse strains panel to identify host factors that affect a therapeutic procedure. 

    The CC panel was designed to genetically characterize complex traits 

including the identification of allelic combinations that quantitatively affect 

complex traits. It was estimated that 1000 CC mouse strains would be required to 

meet the above objectives.69 At this time, the merely 70 CC mouse strains that 

are available, cannot provide the statistical power to accurately characterize 

highly complex traits. Although some of the above studies successfully 
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associated QTLs (and at times specific host factors) with specific phenotypes, 

the statistical power of the CC mouse panel was not sufficient to identify specific 

combinations of normal alleles that quantitively affected complex traits. 

Notwithstanding the statistical limitations of the current CC panel, it is a most 

powerful research tool that provides novel insights that expand our 

understanding of biological pathways. The wide genetic variability within the CC 

panel accurately outlines the spectrum of strain-specific phenotypes and 

identifies specific CC mouse strains, which exhibit the broadest strain-specific 

phenotypic divergence. This critical attribute facilitates further genetic 

characterization of the above phenotypes by F2-crossing studies (employing 2 

extreme strains). 

The current study aimed at identifying host factors that determine the 

ultimate outcome of hepatic gene delivery by lentiviral vector, which was defined 

here as the mean of hepatic luciferase expression level at week 24-PVA. 

Analysis of mouse strain genotypes and hepatic luciferase expression failed to 

identify a QTL that associates with hepatic luciferase expression at week 24-

PVA. As outlined earlier, successful hepatic transduction, which results in long-

term transgene expression is a multistep process. Each step in this process is 

affected by multiple HRFs and HDFs, which are encoded by 8 different alleles. 

Unless a highly potent allele is comprised in the genetic pool of the 8 CC 

founders, it is likely that the statistical power of a 41 CC mouse strain-based 

genetic study will not be sufficient to associate a QTL with hepatic luciferase 

expression at week 24-PVA. 

To circumvent the above statistical power limitations in the current panel 

of CC mouse strains, we sought to narrow the complexity of the studied 

phenotypes. To this end, we defined the relative differences in hepatic luciferase 

expression between weeks 1 and 3-PVA (normalized by the level of luciferase 

expression at week 1-PVA (Luc-W3 - Luc-W1 / Luc-W1)) as a new trait, which 

exhibited the highest correlation with hepatic luciferase expression at week 24-

PVA. This approach is premised on the notion that in contrast to the multitude of 

host factors that affect multiple steps in the process of hepatic lentiviral 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


transduction, a smaller number of host factors are involved in the mechanism 

that affects the kinetics of hepatic transgene expression between weeks 1 and 3-

PVA. We theorized that the narrowed trait complexity would increase the 

likelihood of associating a QTL with the phenotype of interest. Indeed, a QTL in 

chromosome 1 was associated with an increase in hepatic luciferase between 

weeks 1 and 3-PVA. The 129s1/SvImJ founder allele in the above QTL was 

shared by 5 CC mouse strains, which exhibited the highest increase in hepatic 

luciferase expression between weeks 1 and 3-PVA. Within the above QTL we 

identified 4 candidate genes, which can potentially contribute (individually or 

synergistically) to the studied trait. These genes include SERTAD4, IRF6, 

TRAF3IP3 and UTP25, which are involved in embryo development, cancer, 

innate immune response and epigenetic processes. 47,48,50,52 Interestingly, the 

impact of TRAF3IP3 on interferon pathways52 could be in line with earlier reports 

demonstrating interferon effects on hepatic lentiviral vector transduction.40 The 

relative proximity of the above genes in chromosome 1 raises the possibility that 

their expression is coregulated. Interestingly, findings from a recent study 

indicated that genetic variants in either the UTP25 or the IRF6 promoters affect 

their interactions with either IRF6 and TRAF3IP3 or UTP25 and TRAF3IP3, 

respectively.58 These interactions had different effects on the expression level of 

the above genes. Further research is required to determine the effects of each of 

the above candidate genes on lentiviral transduction. 

During this study, we observed phenotypic variability among mice of the 

same strain (Isogenic-phenotypic discordance). The level of the observed 

isogenic discordance, (quantified as coefficient variation) was mouse-strain and 

phenotype dependent. Phenotypic discordance between monozygotic twins has 

been associated with several human diseases. 82 The phenomenon of isogenic 

discordance has been mechanistically studied in different animal models.83,84 

One of the first murine models studying isogenic discordance, was premised on 

mice carrying the agouti viable yellow (Avy) allele.85,86 Avy mice exhibit various fur 

colors ranging from agouti to complete yellow, which are secondary to the 

expression level of the agouty-protein (Yellow and agouti fur colors are 
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associated with high and low levels of the agouti protein, respectively). This 

phenomenon is attributed to germline insertion of an intracisternal A-type particle 

(IAP) transposon upstream to the agouti protein coding sequence. Consequently, 

transcriptional regulation of the Avy allele is mediated by the IAP LTR, whose 

methylation inversely correlates with its transcriptional activity and varies among 

isogenic Avy mice. Isogenic alleles which demonstrate variable epigenetic profiles 

and consequently different transcriptional activity are termed metastable 

epialleles.87,88 

The unique DNA methylation patterns of IAP LTRs are established during 

gametogenesis and early embryogenesis which involve epigenetic reprograming 

processes including 2 waves of genome-wide DNA de-methylation (in primordial 

germ cells and preimplantation embryos) followed by de-novo methylation.89-92 

Partial methylation of IAP LTRs in the preimplantation embryo and during 

gametogenesis indicate that the IAP LTRs are relatively resistant to the above 

genome wide demethylation processes.91-93  Early publications suggested that 

DNA hypermethylation, which represses expression of IAPs and other 

retrotransposons (especially during gametogenesis) is part of a host defense 

mechanism that minimizes genomic instability due to mutagenic germ line 

insertions of retro-elements.94,95 On a cellular level (which is mostly mouse-strain 

independent), the phenomena of genomic imprinting and chromosome X 

inactivation in female cells result in allele-specific gene expression. Interestingly, 

an epigenetic modifier that affect expression of imprinted genes also associates 

with IAP genomes.45 Furthermore, the fur color of Avy mice is affected by the 

maternal phenotype, which is a genomic imprinting characteristic.42,86,88   

Most IAP genomes are transcriptionally silenced by suppressive histone 

modifications and DNA methylation.87,91,93,96 However, specific IAP proviruses 

show variable levels of DNA methylation and maintain variable transcriptional 

activity in a locus specific manner in isogenic mice. In IAP-comprising metastable 

alleles, the process that determines the methylation status of a specific IAP is 

stochastic. However, the overall methylation status of a metastable allele in 

specific mouse strains is probabilistic and affected by several variables including 
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the IAP sequence, the IAP integration site and the mouse strain genetic 

background 97-99 which determines the strain specific expression profile of 

multiple epigenetic modifiers.100-102 Importantly KRAB-ZFPs which have a major 

mechanistic role in epigenetic repression of IAP transcription have been evolved 

to target strain-specific IAP sequences.87,103 Several studies reported on 

environmental effects on the epigenetics and gene expression of metastable 

epialleles. These include nutritional alteration, exposure to ionizing radiation, 

heavy metals, ethanol and bisphenol A (BPA).104-108 However, later studies could 

not fully support some of the above earlier reports.109,110 

Notwithstanding the central role of IAP sequences in the metastable 

epiallelic phenomena, the Whitelaw team described variegation of transgene 

expression from tandems of expression cassettes lacking IAP sequences.111,112 

The above transgenic construct contained the green fluorescence protein (GFP) 

open reading frame under the control of the human a-globin promoter. 

Variegation levels of erythrocyte GFP expression were mouse clone specific. 

However, intra clone variability of variegation level (between mice within a 

specific mouse clone) has not been reported. Furthermore, using a germ line 

chemical mutation procedure, the Whitelaw team identified secondary epigenetic 

modifiers which either enhanced or suppressed clonal variegation and altered 

expression of bona-fide metastable epialleles in Avy  mice.111 These findings 

suggest that unique cis elements such as IAP sequences and imprinting control 

elements (ICE) are the primary initiators of the metastable epigenetic 

phenomenon, which is premised on local epigenetic permutations at the time of 

genome wide epigenetic reprograming processes during either gametogenesis, 

preimplantation embryo and probably in some terminal differentiation 

processes.113-116 It is likely that association of specific trans elements such as 

KRAB-ZFPs with the above primary cis elements is an early (and probably a 

required) event in the establishment of metastable epiallelic hubs.45,117,118 This 

early event is followed by interactions with the above secondary epigenetic 

modifiers whose levels affect the range of metastable allele expression (and DNA 

methylation) among isogenic mice.111 Per contra genome-wide epigenetic 
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reprograming processes during cellular differentiation 113-116 can potentially 

results in variegation of transgene gene expression  whose range is also 

determined by the above epigenetic modifiers described by Blewitt et al. 111  It is 

possible that during genome-wide epigenetic changes, (typical of 

gametogenesis, early embryo development and cellular differentiation) a balance 

between two pathways including cellular differentiation (premised on DNA 

demethylation and is CTCF dependent) and repression of transposable element 

(premised on epigenetic transcriptional repression requiring KRAB-ZFPs) results 

in isogenic phenotypic discordance.   In this study we observed phenotypic-

isogenic discordance in several parameters of hepatic transduction by lentiviral 

vectors. In contrast to earlier transgenic mouse models, the lentiviral vector 

genomes in this study did not pass through gametogenesis or early 

preimplantation embryonic processes. Furthermore, the integration site profile of 

lentiviral vectors is semi-random,119 thus the likelihood that significant number of 

lentiviral vectors integrated in proximity to IAP sequences is low. Note that the 

self-inactivating (SIN) lentiviral vectors in this study were devoid of the HIV U3 

region (which comprises the parental HIV enhancer promoter sequences). 

Although, endogenous lentiviral sequences were identified in rodent and primate 

genomes, endogenous murine lentiviral genomes have not been detected.120-123 

These facts minimize the likelihood that lentiviral vector sequence-directed 

KRAB-ZFPs contributed to the intrastrain phenotypic variations observed in this 

study. However, we cannot entirely rule out the possibility that KRAB-ZFPs 

directed to murine retroelements cross reacted with the lentiviral vector 

genomes. Since mouse hepatic transduction by lentiviral vectors is highly 

regulated by HRFs and HDFs, which also regulate the life cycle of murine 

endogenous and exogenous retroviruses, we raise the possibility that variation in 

the expression levels of the above host factors in isogenic mice probably 

contributed to the intrastrain phenotypic variations, which were characterized in 

this study. The large number of the host factors involved in the various steps of 

lentiviral vector hepatic transduction and the number of mouse strain-specific 

transposable elements (TE) in the mouse genome support the above notion.43 
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The wide range of mouse-strain specific CVs of multiple lentiviral vector 

transduction traits raised the possibility that the phenomenon of genetic and 

phenotypic discordance is not rare. To characterize the role of the host genetics 

in the mechanism of phenotypic variability in isogenic mice, a LOD score analysis 

was employed to identify two QTLs. A QTL of 9.28Mb (comprising 372 and 134 

genes and pseudogenes, respectively) in chromosome 7 was associated with CV 

of hepatic luciferase expression at week 3-PVA.  A second and significantly 

narrower QTL of 1.61Mb in chromosomes 4 was associated with the CV level in 

the ratio of liver and spleen VCNs. Specifically, increased CV levels were 

associated with the 129s1/SvImJ allele in the above QTL in three CC mouse 

strains. Premised on an earlier study, 43 further QTL characterization identified 

eight 129s1/SvImJ-specific insertions of retroelements including 5 SINEs, 2 

RLTR10 and a single MaLr insertion, which was located within a cluster of 8 

CTCF target sequences.  The central role of CTCF and its interactions with 

transposable elements in the phenomena of phenotypic variation in isogenic 

mice and in genomic imprinting, as well as in strain-specific variation in gene 

expression levels has been reported earlier. Although, the 129s1/SvImJ allele in 

the above QTL was associated with the highest CV it does not contain strain-

specific 41-44 IAP insertions, whose variable methylation (VM) status has been 

mechanistically associated with the phenomenon of metastable epialleles.41,85,86 

Importantly, although not common, VM of non-IAP retroelements have been 

reported by recent studies.41,42 However, their effect on intrastrain variation in 

gene expression has not been documented. The studied phenotype (CV of 

splenic VCN / hepatic VCN) was premised on lentiviral VCN in 2 tissues. There is 

a possibility that expression of a host factor affecting VCN exhibits intrastrain 

variability in a tissue specific manner. This phenomenon was described in an 

earlier report describing tissue specific variable methylation of IAP sequences 

(tsVM-IAP) in isogenic animals.41 However, tsVM of non-IAP retroelements and 

its effect on gene expression has not been reported. Note that the human 

genome is devoid of IAP sequences. Thus, the phenomenon of metastable 

epialleles in humans124 is likely to involve non-IAP transposons.  
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The ultimate dependency of viruses on host physiologic and metabolic 

pathways, which are probably modulated by the host circadian rhythm 125 conjure 

up the notion that host sleep patterns affect lentiviral vector transduction 

efficiency. An earlier study demonstrating major circadian rhythm effects on 

influenza A virus (IAV) and herpes simplex virus 1(HSV-1) infection in vivo 126 

supported the above notion and was the main impetus to correlate sleep patterns 

of CC mouse strains with overall lentiviral vector transduction efficiency as 

determined by hepatic luciferase expression levels at week 24-PVA. This study 

describes for the first-time moderate correlation between behavioral/sleep 

patterns and in vivo lentiviral vector transduction efficiency. Our findings suggest 

that the host sleep pattern is one of various host physiologic pathways that 

determine the outcomes of lentiviral vector transduction. Furthermore, as outlined 

by Sulli et. al.,125 the circadian rhythm has relatively modest effects on gene 

expression. Two mechanisms can separately or in combination contribute to this 

phenomenon. One mechanism requires that host factors affecting sleep patterns 

are also involved in the multistep process of hepatic transduction. However, there 

is also a possibility that maternal behavior/sleep pattern from the time of 

gametogenesis to the progenies preweaning period can epigenetically induce 

lifelong alterations in gene expression, which affect permissiveness to lentiviral 

vector transduction.84,127-129 Note that notwithstanding the circadian rhythm 

effects on multiple physiologic pathways and the outcomes of viral 

infections,125,126,130,131 mouse strains with altered melatonin function are the 

premise of animal models in basic research and preclinical studies.132,133 

Furthermore, animal care in most academic animal facilities is done during the 

mouse daylight/sleep period. The animal care-induced sleep disturbances can be 

considered as an environmental factor, whose effects on mouse sleep patterns 

are mouse-strain dependent which can contribute to the phenomenon of 

intrastrain phenotypic differences.   
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Conclusions  

In this study 41 genetically characterized CC mouse strains were 

employed to investigate the effects of the host genetic background on hepatic 

transduction by lentiviral vectors.   

The study demonstrated a wide range of mouse strain specific differences 

in various aspects/traits of lentiviral vector hepatic gene delivery. These major 

host genetic background effects on lentiviral vector transduction in vivo suggest 

that novel multiple mouse strains-based approaches of evaluating the efficacy 

and safety of viral vector-based gene delivery in preclinical studies should be 

established. We believe that the new approaches would narrow current 

discrepancies between the outcomes of preclinical to clinical studies and will be 

highly cost-effective.  

The genetic diversity of human patients, which is not narrower than the 

genetic diversity of 41 CC mouse strains explains the wide range of patient-

specific outcomes of viral vector-based gene therapy protocols. It appears that 

the current phase I to III system of clinical trials may not fully address the 

diversity of human genetics. We assert that accumulating or escalating dose-

based protocols of viral vector administration should be considered for gene 

therapy protocols for non-fatal diseases.   

 Using CV of various gene delivery phenotypes associated 2-QTLs with 

intrastrain phenotypic variations. These findings suggest that the phenomenon of 

phenotypic isogenic discordance in mice is not rare and can be further 

characterized by using large number of genetically defined mouse strains. 

 In line with earlier reports,126 this study correlated for the first time the 

efficiency of lentiviral transduction in vivo with strain-specific sleep patterns. The 

findings of this study raised the possibility that routine mouse care procedures in 

most animal facilities induce sleep disturbances, which have strain specific 

effects on HIV-based vector transduction.  

 

 

 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


Disclosure 

TK is an inventor of PPT-deleted lentiviral vectors and of integration defective 

lentiviral vector production technologies, which are owned by the University of 

North Carolina. Some of these technologies are licensed to a commercial entity. 

PH is an employee of Militenyi Biotec.  

 

Acknowledgements 

The following reagents were obtained through the National Institutes of Health 

(NIH) AIDS Research and Reference Reagent Program, Division of AIDS, the 

National Institute of Allergy and Infectious Diseases: the HIV-1 p24 monoclonal 

antibody (183-H12-5C) from Bruce Chesebro and Kathy Wehrly. The study was 

supported by NIH grants R01-HL128119 (to TK and PH) and R01-HL155986 (to 

TK, FZ, YH, GD and TW). In memory of all the women in the black shirt. In honor 

of B’Tselem. Genesis 1:27. 

 

References 

1. Sheridan, C. (2017). First approval in sight for Novartis' CAR-T therapy 
after panel vote. Nat Biotechnol 35, 691-693. 10.1038/nbt0817-691. 

2. Marcucci, K.T., Jadlowsky, J.K., Hwang, W.T., Suhoski-Davis, M., 
Gonzalez, V.E., Kulikovskaya, I., Gupta, M., Lacey, S.F., Plesa, G., Chew, 
A., Melenhorst, J.J., et al. (2017). Retroviral and Lentiviral Safety Analysis 
of Gene-Modified T Cell Products and Infused HIV and Oncology Patients. 
Molecular therapy : the journal of the American Society of Gene Therapy. 
10.1016/j.ymthe.2017.10.012. 

3. Neelapu, S.S., Locke, F.L., Bartlett, N.L., Lekakis, L.J., Miklos, D.B., 
Jacobson, C.A., Braunschweig, I., Oluwole, O.O., Siddiqi, T., Lin, Y., 
Timmerman, J.M., et al. (2017). Axicabtagene Ciloleucel CAR T-Cell 
Therapy in Refractory Large B-Cell Lymphoma. N Engl J Med 377, 2531-
2544. 10.1056/NEJMoa1707447. 

4. Ledford, H. (2017). FDA advisers back gene therapy for rare form of 
blindness. Nature 550, 314. 10.1038/nature.2017.22819. 

5. Ogbonmide, T., Rathore, R., Rangrej, S.B., Hutchinson, S., Lewis, M., 
Ojilere, S., Carvalho, V., and Kelly, I. (2023). Gene Therapy for Spinal 
Muscular Atrophy (SMA): A Review of Current Challenges and Safety 
Considerations for Onasemnogene Abeparvovec (Zolgensma). Cureus 15, 
e36197. 10.7759/cureus.36197. 

6. Follenzi, A., Battaglia, M., Lombardo, A., Annoni, A., Roncarolo, M.G., and 
Naldini, L. (2004). Targeting lentiviral vector expression to hepatocytes 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


limits transgene-specific immune response and establishes long-term 
expression of human antihemophilic factor IX in mice. Blood 103, 3700-
3709. 10.1182/blood-2003-09-3217. 

7. Zhao, Y., Keating, K., and Thorpe, R. (2007). Comparison of 
toxicogenomic profiles of two murine strains treated with HIV-1-based 
vectors for gene therapy. Toxicol Appl Pharmacol 225, 189-197. 
10.1016/j.taap.2007.08.008. 

8. Suwanmanee, T., Ferris, M.T., Hu, P., Gui, T., Montgomery, S.A., Pardo-
Manuel de Villena, F., and Kafri, T. (2017). Toward Personalized Gene 
Therapy: Characterizing the Host Genetic Control of Lentiviral-Vector-
Mediated Hepatic Gene Delivery. Mol Ther Methods Clin Dev 5, 83-92. 
10.1016/j.omtm.2017.03.009. 

9. Cavazzana-Calvo, M., Payen, E., Negre, O., Wang, G., Hehir, K., Fusil, F., 
Down, J., Denaro, M., Brady, T., Westerman, K., Cavallesco, R., et al. 
(2010). Transfusion independence and HMGA2 activation after gene 
therapy of human beta-thalassaemia. Nature 467, 318-322. 
10.1038/nature09328. 

10. Gaspar, H.B., Cooray, S., Gilmour, K.C., Parsley, K.L., Adams, S., Howe, 
S.J., Al Ghonaium, A., Bayford, J., Brown, L., Davies, E.G., Kinnon, C., et 
al. (2011). Long-term persistence of a polyclonal T cell repertoire after 
gene therapy for X-linked severe combined immunodeficiency. Sci Transl 
Med 3, 97ra79. 10.1126/scitranslmed.3002715. 

11. Hacein-Bey-Abina, S., Von Kalle, C., Schmidt, M., McCormack, M.P., 
Wulffraat, N., Leboulch, P., Lim, A., Osborne, C.S., Pawliuk, R., Morillon, 
E., Sorensen, R., et al. (2003). LMO2-associated clonal T cell proliferation 
in two patients after gene therapy for SCID-X1. Science 302, 415-419. 
10.1126/science.1088547. 

12. Lek, A., Wong, B., Keeler, A., Blackwood, M., Ma, K., Huang, S., Sylvia, 
K., Batista, A.R., Artinian, R., Kokoski, D., Parajuli, S., et al. (2023). Death 
after High-Dose rAAV9 Gene Therapy in a Patient with Duchenne's 
Muscular Dystrophy. N Engl J Med 389, 1203-1210. 
10.1056/NEJMoa2307798. 

13. Manno, C.S., Pierce, G.F., Arruda, V.R., Glader, B., Ragni, M., Rasko, 
J.J., Ozelo, M.C., Hoots, K., Blatt, P., Konkle, B., Dake, M., et al. (2006). 
Successful transduction of liver in hemophilia by AAV-Factor IX and 
limitations imposed by the host immune response. Nat Med 12, 342-347. 
10.1038/nm1358. 

14. Raper, S.E., Yudkoff, M., Chirmule, N., Gao, G.P., Nunes, F., Haskal, Z.J., 
Furth, E.E., Propert, K.J., Robinson, M.B., Magosin, S., Simoes, H., et al. 
(2002). A pilot study of in vivo liver-directed gene transfer with an 
adenoviral vector in partial ornithine transcarbamylase deficiency. Hum 
Gene Ther 13, 163-175. 10.1089/10430340152712719. 

15. Ambrose, Z., and Aiken, C. (2014). HIV-1 uncoating: connection to nuclear 
entry and regulation by host proteins. Virology 454-455, 371-379. 
10.1016/j.virol.2014.02.004. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


16. Dochi, T., Nakano, T., Inoue, M., Takamune, N., Shoji, S., Sano, K., and 
Misumi, S. (2014). Phosphorylation of human immunodeficiency virus type 
1 capsid protein at serine 16, required for peptidyl-prolyl isomerase-
dependent uncoating, is mediated by virion-incorporated extracellular 
signal-regulated kinase 2. J Gen Virol 95, 1156-1166. 
10.1099/vir.0.060053-0. 

17. Goff, S.P. (2007). Host factors exploited by retroviruses. Nat Rev Microbiol 
5, 253-263. 10.1038/nrmicro1541. 

18. Hilditch, L., and Towers, G.J. (2014). A model for cofactor use during HIV-
1 reverse transcription and nuclear entry. Curr Opin Virol 4, 32-36. 
10.1016/j.coviro.2013.11.003. 

19. Taltynov, O., Desimmie, B.A., Demeulemeester, J., Christ, F., and 
Debyser, Z. (2012). Cellular cofactors of lentiviral integrase: from target 
validation to drug discovery. Mol Biol Int 2012, 863405. 
10.1155/2012/863405. 

20. Collaborative Cross, C. (2012). The genome architecture of the 
Collaborative Cross mouse genetic reference population. Genetics 190, 
389-401. 10.1534/genetics.111.132639. 

21. Ferris, M.T., Aylor, D.L., Bottomly, D., Whitmore, A.C., Aicher, L.D., Bell, 
T.A., Bradel-Tretheway, B., Bryan, J.T., Buus, R.J., Gralinski, L.E., 
Haagmans, B.L., et al. (2013). Modeling host genetic regulation of 
influenza pathogenesis in the collaborative cross. PLoS Pathog 9, 
e1003196. 10.1371/journal.ppat.1003196. 

22. Gralinski, L.E., Ferris, M.T., Aylor, D.L., Whitmore, A.C., Green, R., 
Frieman, M.B., Deming, D., Menachery, V.D., Miller, D.R., Buus, R.J., 
Bell, T.A., et al. (2015). Genome Wide Identification of SARS-CoV 
Susceptibility Loci Using the Collaborative Cross. PLoS Genet 11, 
e1005504. 10.1371/journal.pgen.1005504. 

23. Rasmussen, A.L., Okumura, A., Ferris, M.T., Green, R., Feldmann, F., 
Kelly, S.M., Scott, D.P., Safronetz, D., Haddock, E., LaCasse, R., 
Thomas, M.J., et al. (2014). Host genetic diversity enables Ebola 
hemorrhagic fever pathogenesis and resistance. Science 346, 987-991. 
10.1126/science.1259595. 

24. Rogala, A.R., Morgan, A.P., Christensen, A.M., Gooch, T.J., Bell, T.A., 
Miller, D.R., Godfrey, V.L., and de Villena, F.P. (2014). The Collaborative 
Cross as a resource for modeling human disease: CC011/Unc, a new 
mouse model for spontaneous colitis. Mamm Genome 25, 95-108. 
10.1007/s00335-013-9499-2. 

25. Smith, C.M., Baker, R.E., Proulx, M.K., Mishra, B.B., Long, J.E., Park, 
S.W., Lee, H.N., Kiritsy, M.C., Bellerose, M.M., Olive, A.J., Murphy, K.C., 
et al. (2022). Host-pathogen genetic interactions underlie tuberculosis 
susceptibility in genetically diverse mice. Elife 11. 10.7554/eLife.74419. 

26. Bayer, M., Kantor, B., Cockrell, A., Ma, H., Zeithaml, B., Li, X., McCown, 
T., and Kafri, T. (2008). A large U3 deletion causes increased in vivo 
expression from a nonintegrating lentiviral vector. Mol Ther 16, 1968-
1976. 10.1038/mt.2008.199. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


27. Cockrell, A.S., and Kafri, T. (2007). Gene delivery by lentivirus vectors. 
Mol Biotechnol 36, 184-204. 

28. Cockrell, A.S., Ma, H., Fu, K., McCown, T.J., and Kafri, T. (2006). A trans-
lentiviral packaging cell line for high-titer conditional self-inactivating HIV-1 
vectors. Mol Ther 14, 276-284. 10.1016/j.ymthe.2005.12.015. 

29. Kafri, T., van Praag, H., Ouyang, L., Gage, F.H., and Verma, I.M. (1999). 
A packaging cell line for lentivirus vectors. J Virol 73, 576-584. 

30. Suwanmanee, T., Hu, G., Gui, T., Bartholomae, C.C., Kutschera, I., von 
Kalle, C., Schmidt, M., Monahan, P.E., and Kafri, T. (2014). Integration-
deficient lentiviral vectors expressing codon-optimized R338L human FIX 
restore normal hemostasis in Hemophilia B mice. Mol Ther 22, 567-574. 
10.1038/mt.2013.188. 

31. Martin, S.C., Gay, S.M., Armstrong, M.L., Pazhayam, N.M., Reisdorph, N., 
and Diering, G.H. (2022). Tonic endocannabinoid signaling supports sleep 
through development in both sexes. Sleep 45. 10.1093/sleep/zsac083. 

32. Mang, G.M., Nicod, J., Emmenegger, Y., Donohue, K.D., O'Hara, B.F., 
and Franken, P. (2014). Evaluation of a piezoelectric system as an 
alternative to electroencephalogram/ electromyogram recordings in mouse 
sleep studies. Sleep 37, 1383-1392. 10.5665/sleep.3936. 

33. Flores, A.E., Flores, J.E., Deshpande, H., Picazo, J.A., Xie, X.S., Franken, 
P., Heller, H.C., Grahn, D.A., and O'Hara, B.F. (2007). Pattern recognition 
of sleep in rodents using piezoelectric signals generated by gross body 
movements. IEEE Trans Biomed Eng 54, 225-233. 
10.1109/TBME.2006.886938. 

34. Donohue, K.D., Medonza, D.C., Crane, E.R., and O'Hara, B.F. (2008). 
Assessment of a non-invasive high-throughput classifier for behaviours 
associated with sleep and wake in mice. Biomed Eng Online 7, 14. 
10.1186/1475-925X-7-14. 

35. Yaghouby, F., Donohue, K.D., O'Hara, B.F., and Sunderam, S. (2016). 
Noninvasive dissection of mouse sleep using a piezoelectric motion 
sensor. J Neurosci Methods 259, 90-100. 
10.1016/j.jneumeth.2015.11.004. 

36. Lord, J.S., Gay, S.M., Harper, K.M., Nikolova, V.D., Smith, K.M., Moy, 
S.S., and Diering, G.H. (2022). Early life sleep disruption potentiates 
lasting sex-specific changes in behavior in genetically vulnerable Shank3 
heterozygous autism model mice. Mol Autism 13, 35. 10.1186/s13229-
022-00514-5. 

37. Martin, S.C., Joyce, K.K., Lord, J.S., Harper, K.M., Nikolova, V.D., Cohen, 
T.J., Moy, S.S., and Diering, G.H. (2024). Sleep Disruption Precedes 
Forebrain Synaptic Tau Burden and Contributes to Cognitive Decline in a 
Sex-Dependent Manner in the P301S Tau Transgenic Mouse Model. 
eNeuro 11. 10.1523/ENEURO.0004-24.2024. 

38. Dixon, W.J. (1960). Simplified Estimation from Censored Normal Samples. 
The Annals of Mathematical Statistics 31. 

39. Burdick, R.C., Morse, M., Rouzina, I., Williams, M.C., Hu, W.S., and 
Pathak, V.K. (2024). HIV-1 uncoating requires long double-stranded 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


reverse transcription products. Sci Adv 10, eadn7033. 
10.1126/sciadv.adn7033. 

40. Brown, B.D., Sitia, G., Annoni, A., Hauben, E., Sergi, L.S., Zingale, A., 
Roncarolo, M.G., Guidotti, L.G., and Naldini, L. (2007). In vivo 
administration of lentiviral vectors triggers a type I interferon response that 
restricts hepatocyte gene transfer and promotes vector clearance. Blood 
109, 2797-2805. 10.1182/blood-2006-10-049312. 

41. Elmer, J.L., Hay, A.D., Kessler, N.J., Bertozzi, T.M., Ainscough, E.A.C., 
and Ferguson-Smith, A.C. (2021). Genomic properties of variably 
methylated retrotransposons in mouse. Mob DNA 12, 6. 10.1186/s13100-
021-00235-1. 

42. Kazachenka, A., Bertozzi, T.M., Sjoberg-Herrera, M.K., Walker, N., 
Gardner, J., Gunning, R., Pahita, E., Adams, S., Adams, D., and 
Ferguson-Smith, A.C. (2018). Identification, Characterization, and 
Heritability of Murine Metastable Epialleles: Implications for Non-genetic 
Inheritance. Cell 175, 1717. 10.1016/j.cell.2018.11.017. 

43. Nellaker, C., Keane, T.M., Yalcin, B., Wong, K., Agam, A., Belgard, T.G., 
Flint, J., Adams, D.J., Frankel, W.N., and Ponting, C.P. (2012). The 
genomic landscape shaped by selection on transposable elements across 
18 mouse strains. Genome Biol 13, R45. 10.1186/gb-2012-13-6-r45. 

44. Rand, E., Ben-Porath, I., Keshet, I., and Cedar, H. (2004). CTCF elements 
direct allele-specific undermethylation at the imprinted H19 locus. Curr 
Biol 14, 1007-1012. 10.1016/j.cub.2004.05.041. 

45. Shi, H., Strogantsev, R., Takahashi, N., Kazachenka, A., Lorincz, M.C., 
Hemberger, M., and Ferguson-Smith, A.C. (2019). ZFP57 regulation of 
transposable elements and gene expression within and beyond imprinted 
domains. Epigenetics Chromatin 12, 49. 10.1186/s13072-019-0295-4. 

46. Bennetts, J.S., Fowles, L.F., Berkman, J.L., van Bueren, K.L., Richman, 
J.M., Simpson, F., and Wicking, C. (2006). Evolutionary conservation and 
murine embryonic expression of the gene encoding the SERTA domain-
containing protein CDCA4 (HEPP). Gene 374, 153-165. 
10.1016/j.gene.2006.01.027. 

47. Stratton, M.S., Bagchi, R.A., Felisbino, M.B., Hirsch, R.A., Smith, H.E., 
Riching, A.S., Enyart, B.Y., Koch, K.A., Cavasin, M.A., Alexanian, M., 
Song, K., et al. (2019). Dynamic Chromatin Targeting of BRD4 Stimulates 
Cardiac Fibroblast Activation. Circ Res 125, 662-677. 
10.1161/CIRCRESAHA.119.315125. 

48. Ainouze, M., Rochefort, P., Parroche, P., Roblot, G., Tout, I., Briat, F., 
Zannetti, C., Marotel, M., Goutagny, N., Auron, P., Traverse-Glehen, A., et 
al. (2018). Human papillomavirus type 16 antagonizes IRF6 regulation of 
IL-1beta. PLoS Pathog 14, e1007158. 10.1371/journal.ppat.1007158. 

49. Blanton, S.H., Cortez, A., Stal, S., Mulliken, J.B., Finnell, R.H., and Hecht, 
J.T. (2005). Variation in IRF6 contributes to nonsyndromic cleft lip and 
palate. Am J Med Genet A 137A, 259-262. 10.1002/ajmg.a.30887. 

50. Gou, Y., Zhang, T., and Xu, J. (2015). Transcription Factors in 
Craniofacial Development: From Receptor Signaling to Transcriptional and 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


Epigenetic Regulation. Curr Top Dev Biol 115, 377-410. 
10.1016/bs.ctdb.2015.07.009. 

51. Taniguchi, T., Ogasawara, K., Takaoka, A., and Tanaka, N. (2001). IRF 
family of transcription factors as regulators of host defense. Annu Rev 
Immunol 19, 623-655. 10.1146/annurev.immunol.19.1.623. 

52. Deng, M., Tam, J.W., Wang, L., Liang, K., Li, S., Zhang, L., Guo, H., Luo, 
X., Zhang, Y., Petrucelli, A., Davis, B.K., et al. (2020). TRAF3IP3 
negatively regulates cytosolic RNA induced anti-viral signaling by 
promoting TBK1 K48 ubiquitination. Nat Commun 11, 2193. 
10.1038/s41467-020-16014-0. 

53. Zhu, W., Li, J., Zhang, R., Cai, Y., Wang, C., Qi, S., Chen, S., Liang, X., 
Qi, N., and Hou, F. (2019). TRAF3IP3 mediates the recruitment of TRAF3 
to MAVS for antiviral innate immunity. EMBO J 38, e102075. 
10.15252/embj.2019102075. 

54. Aryal, N.K., Wasylishen, A.R., Pant, V., Riley-Croce, M., and Lozano, G. 
(2017). Loss of digestive organ expansion factor (Diexf) reveals an 
essential role during murine embryonic development that is independent 
of p53. Oncotarget 8, 103996-104006. 10.18632/oncotarget.22087. 

55. Gaviraghi, M., Vivori, C., and Tonon, G. (2019). How Cancer Exploits 
Ribosomal RNA Biogenesis: A Journey beyond the Boundaries of rRNA 
Transcription. Cells 8. 10.3390/cells8091098. 

56. Martin, B., Pappa, S., Diez-Villanueva, A., Mallona, I., Custodio, J., 
Barrero, M.J., Peinado, M.A., and Jorda, M. (2020). Tissue and cancer-
specific expression of DIEXF is epigenetically mediated by an Alu repeat. 
Epigenetics 15, 765-779. 10.1080/15592294.2020.1722398. 

57. Charette, J.M., and Baserga, S.J. (2010). The DEAD-box RNA helicase-
like Utp25 is an SSU processome component. RNA 16, 2156-2169. 
10.1261/rna.2359810. 

58. Gonzalez-Serna D, S.C., Kerick M, HakinsonJ, Ding J, McGovern A, Titino 
M, Martin G V, Ortego-Centro N, Callejas J L, Orozco G.Martin J, (2023). 
Allele-associated chromatin interactions in primary immune cells uncover 
mechanisms of gene regulation. Rheumatology 62 (2), ii96. 

59. Colomer-Lluch, M., Ruiz, A., Moris, A., and Prado, J.G. (2018). Restriction 
Factors: From Intrinsic Viral Restriction to Shaping Cellular Immunity 
Against HIV-1. Front Immunol 9, 2876. 10.3389/fimmu.2018.02876. 

60. Pertel, T., Hausmann, S., Morger, D., Zuger, S., Guerra, J., Lascano, J., 
Reinhard, C., Santoni, F.A., Uchil, P.D., Chatel, L., Bisiaux, A., et al. 
(2011). TRIM5 is an innate immune sensor for the retrovirus capsid lattice. 
Nature 472, 361-365. 10.1038/nature09976. 

61. Brass, A.L., Dykxhoorn, D.M., Benita, Y., Yan, N., Engelman, A., Xavier, 
R.J., Lieberman, J., and Elledge, S.J. (2008). Identification of host proteins 
required for HIV infection through a functional genomic screen. Science 
319, 921-926. 10.1126/science.1152725. 

62. Konig, R., Zhou, Y., Elleder, D., Diamond, T.L., Bonamy, G.M., Irelan, 
J.T., Chiang, C.Y., Tu, B.P., De Jesus, P.D., Lilley, C.E., Seidel, S., et al. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


(2008). Global analysis of host-pathogen interactions that regulate early-
stage HIV-1 replication. Cell 135, 49-60. 10.1016/j.cell.2008.07.032. 

63. Zhou, H., Xu, M., Huang, Q., Gates, A.T., Zhang, X.D., Castle, J.C., Stec, 
E., Ferrer, M., Strulovici, B., Hazuda, D.J., and Espeseth, A.S. (2008). 
Genome-scale RNAi screen for host factors required for HIV replication. 
Cell Host Microbe 4, 495-504. 10.1016/j.chom.2008.10.004. 

64. Borjabad, A., Dong, B., Chao, W., Volsky, D.J., and Potash, M.J. (2024). 
Innate immune responses reverse HIV cognitive disease in mice: Profile 
by RNAseq in the brain. Virology 589, 109917. 
10.1016/j.virol.2023.109917. 

65. Gu, C.J., Borjabad, A., Hadas, E., Kelschenbach, J., Kim, B.H., Chao, W., 
Arancio, O., Suh, J., Polsky, B., McMillan, J., Edagwa, B., et al. (2018). 
EcoHIV infection of mice establishes latent viral reservoirs in T cells and 
active viral reservoirs in macrophages that are sufficient for induction of 
neurocognitive impairment. PLoS Pathog 14, e1007061. 
10.1371/journal.ppat.1007061. 

66. Li, H., Murphy, S.L., Giles-Davis, W., Edmonson, S., Xiang, Z., Li, Y., 
Lasaro, M.O., High, K.A., and Ertl, H.C. (2007). Pre-existing AAV capsid-
specific CD8+ T cells are unable to eliminate AAV-transduced 
hepatocytes. Mol Ther 15, 792-800. 10.1038/sj.mt.6300090. 

67. Schutgens, R.E.G. (2022). Gene Therapy for Hemophilia A: How Long 
Will It Last? Hemasphere 6, e720. 10.1097/HS9.0000000000000720. 

68. Uchil, P.D., Quinlan, B.D., Chan, W.T., Luna, J.M., and Mothes, W. 
(2008). TRIM E3 ligases interfere with early and late stages of the 
retroviral life cycle. PLoS Pathog 4, e16. 10.1371/journal.ppat.0040016. 

69. Churchill, G.A., Airey, D.C., Allayee, H., Angel, J.M., Attie, A.D., Beatty, J., 
Beavis, W.D., Belknap, J.K., Bennett, B., Berrettini, W., Bleich, A., et al. 
(2004). The Collaborative Cross, a community resource for the genetic 
analysis of complex traits. Nat Genet 36, 1133-1137. 10.1038/ng1104-
1133. 

70. Durrant, C., Tayem, H., Yalcin, B., Cleak, J., Goodstadt, L., de Villena, 
F.P., Mott, R., and Iraqi, F.A. (2011). Collaborative Cross mice and their 
power to map host susceptibility to Aspergillus fumigatus infection. 
Genome Res 21, 1239-1248. 10.1101/gr.118786.110. 

71. Elbahesh, H., and Schughart, K. (2016). Genetically diverse CC-founder 
mouse strains replicate the human influenza gene expression signature. 
Sci Rep 6, 26437. 10.1038/srep26437. 

72. Green, R., Wilkins, C., Thomas, S., Sekine, A., Ireton, R.C., Ferris, M.T., 
Hendrick, D.M., Voss, K., Pardo-Manuel de Villena, F., Baric, R.S., Heise, 
M.T., et al. (2016). Transcriptional profiles of WNV neurovirulence in a 
genetically diverse Collaborative Cross population. Genom Data 10, 137-
140. 10.1016/j.gdata.2016.10.005. 

73. Leist, S.R., Pilzner, C., van den Brand, J.M., Dengler, L., Geffers, R., 
Kuiken, T., Balling, R., Kollmus, H., and Schughart, K. (2016). Influenza 
H3N2 infection of the collaborative cross founder strains reveals highly 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


divergent host responses and identifies a unique phenotype in CAST/EiJ 
mice. BMC Genomics 17, 143. 10.1186/s12864-016-2483-y. 

74. Lore, N.I., Iraqi, F.A., and Bragonzi, A. (2015). Host genetic diversity 
influences the severity of Pseudomonas aeruginosa pneumonia in the 
Collaborative Cross mice. BMC Genet 16, 106. 10.1186/s12863-015-
0260-6. 

75. Vered, K., Durrant, C., Mott, R., and Iraqi, F.A. (2014). Susceptibility to 
Klebsiella pneumonaie infection in collaborative cross mice is a complex 
trait controlled by at least three loci acting at different time points. BMC 
Genomics 15, 865. 10.1186/1471-2164-15-865. 

76. Abu-Toamih Atamni, H.J., Ziner, Y., Mott, R., Wolf, L., and Iraqi, F.A. 
(2017). Glucose tolerance female-specific QTL mapped in collaborative 
cross mice. Mamm Genome 28, 20-30. 10.1007/s00335-016-9667-2. 

77. Dorman, A., Baer, D., Tomlinson, I., Mott, R., and Iraqi, F.A. (2016). 
Genetic analysis of intestinal polyp development in Collaborative Cross 
mice carrying the Apc (Min/+) mutation. BMC Genet 17, 46. 
10.1186/s12863-016-0349-6. 

78. Reilly, K.M. (2016). Using the Collaborative Cross to Study the Role of 
Genetic Diversity in Cancer-Related Phenotypes. Cold Spring Harb Protoc 
2016, pdb prot079178. 10.1101/pdb.prot079178. 

79. Wang, P., Wang, Y., Langley, S.A., Zhou, Y.X., Jen, K.Y., Sun, Q., 
Brislawn, C., Rojas, C.M., Wahl, K.L., Wang, T., Fan, X., et al. (2019). 
Diverse tumour susceptibility in Collaborative Cross mice: identification of 
a new mouse model for human gastric tumourigenesis. Gut 68, 1942-
1952. 10.1136/gutjnl-2018-316691. 

80. Mao, J.H., Langley, S.A., Huang, Y., Hang, M., Bouchard, K.E., Celniker, 
S.E., Brown, J.B., Jansson, J.K., Karpen, G.H., and Snijders, A.M. (2015). 
Identification of genetic factors that modify motor performance and body 
weight using Collaborative Cross mice. Sci Rep 5, 16247. 
10.1038/srep16247. 

81. Phillippi, J., Xie, Y., Miller, D.R., Bell, T.A., Zhang, Z., Lenarcic, A.B., 
Aylor, D.L., Krovi, S.H., Threadgill, D.W., de Villena, F.P., Wang, W., et al. 
(2014). Using the emerging Collaborative Cross to probe the immune 
system. Genes Immun 15, 38-46. 10.1038/gene.2013.59. 

82. Hollis, E.R., 2nd, Kadoya, K., Hirsch, M., Samulski, R.J., and Tuszynski, 
M.H. (2008). Efficient retrograde neuronal transduction utilizing self-
complementary AAV1. Mol Ther 16, 296-301, 2008. 6300367 [pii] 

10.1038/sj.mt.6300367. 
83. Dalgaard, K., Landgraf, K., Heyne, S., Lempradl, A., Longinotto, J., 

Gossens, K., Ruf, M., Orthofer, M., Strogantsev, R., Selvaraj, M., Lu, T.T., 
et al. (2016). Trim28 Haploinsufficiency Triggers Bi-stable Epigenetic 
Obesity. Cell 164, 353-364. 10.1016/j.cell.2015.12.025. 

84. Miska, E.A., and Ferguson-Smith, A.C. (2016). Transgenerational 
inheritance: Models and mechanisms of non-DNA sequence-based 
inheritance. Science 354, 59-63. 10.1126/science.aaf4945. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


85. Duhl, D.M., Vrieling, H., Miller, K.A., Wolff, G.L., and Barsh, G.S. (1994). 
Neomorphic agouti mutations in obese yellow mice. Nat Genet 8, 59-65. 
10.1038/ng0994-59. 

86. Morgan, H.D., Sutherland, H.G., Martin, D.I., and Whitelaw, E. (1999). 
Epigenetic inheritance at the agouti locus in the mouse. Nat Genet 23, 
314-318. 10.1038/15490. 

87. Elmer, J.L., and Ferguson-Smith, A.C. (2020). Strain-Specific Epigenetic 
Regulation of Endogenous Retroviruses: The Role of Trans-Acting 
Modifiers. Viruses 12. 10.3390/v12080810. 

88. Rakyan, V.K., Blewitt, M.E., Druker, R., Preis, J.I., and Whitelaw, E. 
(2002). Metastable epialleles in mammals. Trends Genet 18, 348-351. 
10.1016/s0168-9525(02)02709-9. 

89. Bergman, Y., and Cedar, H. (2013). DNA methylation dynamics in health 
and disease. Nat Struct Mol Biol 20, 274-281. 10.1038/nsmb.2518. 

90. Kafri, T., Ariel, M., Brandeis, M., Shemer, R., Urven, L., McCarrey, J., 
Cedar, H., and Razin, A. (1992). Developmental pattern of gene-specific 
DNA methylation in the mouse embryo and germ line. Genes Dev 6, 705-
714. 10.1101/gad.6.5.705. 

91. Lane, N., Dean, W., Erhardt, S., Hajkova, P., Surani, A., Walter, J., and 
Reik, W. (2003). Resistance of IAPs to methylation reprogramming may 
provide a mechanism for epigenetic inheritance in the mouse. Genesis 35, 
88-93. 10.1002/gene.10168. 

92. Reik, W., Dean, W., and Walter, J. (2001). Epigenetic reprogramming in 
mammalian development. Science 293, 1089-1093. 
10.1126/science.1063443. 

93. Walsh, C.P., Chaillet, J.R., and Bestor, T.H. (1998). Transcription of IAP 
endogenous retroviruses is constrained by cytosine methylation. Nat 
Genet 20, 116-117. 10.1038/2413. 

94. Ondicova, M., Oakey, R.J., and Walsh, C.P. (2020). Is imprinting the result 
of "friendly fire" by the host defense system? PLoS Genet 16, e1008599. 
10.1371/journal.pgen.1008599. 

95. Slotkin, R.K., and Martienssen, R. (2007). Transposable elements and the 
epigenetic regulation of the genome. Nat Rev Genet 8, 272-285. 
10.1038/nrg2072. 

96. Karimi, M.M., Goyal, P., Maksakova, I.A., Bilenky, M., Leung, D., Tang, 
J.X., Shinkai, Y., Mager, D.L., Jones, S., Hirst, M., and Lorincz, M.C. 
(2011). DNA methylation and SETDB1/H3K9me3 regulate predominantly 
distinct sets of genes, retroelements, and chimeric transcripts in mESCs. 
Cell Stem Cell 8, 676-687. 10.1016/j.stem.2011.04.004. 

97. Kano, H., Kurahashi, H., and Toda, T. (2007). Genetically regulated 
epigenetic transcriptional activation of retrotransposon insertion confers 
mouse dactylaplasia phenotype. Proc Natl Acad Sci U S A 104, 19034-
19039. 10.1073/pnas.0705483104. 

98. Maeda-Smithies, N., Hiller, S., Dong, S., Kim, H.S., Bennett, B.J., and 
Kayashima, Y. (2020). Ectopic expression of the Stabilin2 gene triggered 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


by an intracisternal A particle (IAP) element in DBA/2J strain of mice. 
Mamm Genome 31, 2-16. 10.1007/s00335-019-09824-1. 

99. Plamondon, J.A., Harris, M.J., Mager, D.L., Gagnier, L., and Juriloff, D.M. 
(2011). The clf2 gene has an epigenetic role in the multifactorial etiology 
of cleft lip and palate in the A/WySn mouse strain. Birth Defects Res A 
Clin Mol Teratol 91, 716-727. 10.1002/bdra.20788. 

100. Blewitt, M.E., Chong, S., and Whitelaw, E. (2004). How the mouse got its 
spots. Trends Genet 20, 550-554. 10.1016/j.tig.2004.08.011. 

101. Daxinger, L., Harten, S.K., Oey, H., Epp, T., Isbel, L., Huang, E., 
Whitelaw, N., Apedaile, A., Sorolla, A., Yong, J., Bharti, V., et al. (2013). 
An ENU mutagenesis screen identifies novel and known genes involved in 
epigenetic processes in the mouse. Genome Biol 14, R96. 10.1186/gb-
2013-14-9-r96. 

102. Lee, H.J., Hore, T.A., and Reik, W. (2014). Reprogramming the 
methylome: erasing memory and creating diversity. Cell Stem Cell 14, 
710-719. 10.1016/j.stem.2014.05.008. 

103. Bertozzi, T.M., Elmer, J.L., Macfarlan, T.S., and Ferguson-Smith, A.C. 
(2020). KRAB zinc finger protein diversification drives mammalian 
interindividual methylation variability. Proc Natl Acad Sci U S A 117, 
31290-31300. 10.1073/pnas.2017053117. 

104. Bernal, A.J., Dolinoy, D.C., Huang, D., Skaar, D.A., Weinhouse, C., and 
Jirtle, R.L. (2013). Adaptive radiation-induced epigenetic alterations 
mitigated by antioxidants. FASEB J 27, 665-671. 10.1096/fj.12-220350. 

105. Dolinoy, D.C. (2008). The agouti mouse model: an epigenetic biosensor 
for nutritional and environmental alterations on the fetal epigenome. Nutr 
Rev 66 Suppl 1, S7-11. 10.1111/j.1753-4887.2008.00056.x. 

106. Faulk, C., Barks, A., Liu, K., Goodrich, J.M., and Dolinoy, D.C. (2013). 
Early-life lead exposure results in dose- and sex-specific effects on weight 
and epigenetic gene regulation in weanling mice. Epigenomics 5, 487-500. 
10.2217/epi.13.49. 

107. Jirtle, R.L. (2014). The Agouti mouse: a biosensor for environmental 
epigenomics studies investigating the developmental origins of health and 
disease. Epigenomics 6, 447-450. 10.2217/epi.14.58. 

108. Kaminen-Ahola, N., Ahola, A., Maga, M., Mallitt, K.A., Fahey, P., Cox, 
T.C., Whitelaw, E., and Chong, S. (2010). Maternal ethanol consumption 
alters the epigenotype and the phenotype of offspring in a mouse model. 
PLoS Genet 6, e1000811. 10.1371/journal.pgen.1000811. 

109. Bertozzi, T.M., Becker, J.L., Blake, G.E.T., Bansal, A., Nguyen, D.K., 
Fernandez-Twinn, D.S., Ozanne, S.E., Bartolomei, M.S., Simmons, R.A., 
Watson, E.D., and Ferguson-Smith, A.C. (2021). Variably methylated 
retrotransposons are refractory to a range of environmental perturbations. 
Nat Genet 53, 1233-1242. 10.1038/s41588-021-00898-9. 

110. Rosenfeld, C.S., Sieli, P.T., Warzak, D.A., Ellersieck, M.R., Pennington, 
K.A., and Roberts, R.M. (2013). Maternal exposure to bisphenol A and 
genistein has minimal effect on A(vy)/a offspring coat color but favors birth 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


of agouti over nonagouti mice. Proc Natl Acad Sci U S A 110, 537-542. 
10.1073/pnas.1220230110. 

111. Blewitt, M.E., Vickaryous, N.K., Hemley, S.J., Ashe, A., Bruxner, T.J., 
Preis, J.I., Arkell, R., and Whitelaw, E. (2005). An N-ethyl-N-nitrosourea 
screen for genes involved in variegation in the mouse. Proc Natl Acad Sci 
U S A 102, 7629-7634. 10.1073/pnas.0409375102. 

112. Preis, J.I., Downes, M., Oates, N.A., Rasko, J.E., and Whitelaw, E. (2003). 
Sensitive flow cytometric analysis reveals a novel type of parent-of-origin 
effect in the mouse genome. Curr Biol 13, 955-959. 10.1016/s0960-
9822(03)00335-x. 

113. Razin, A., Szyf, M., Kafri, T., Roll, M., Giloh, H., Scarpa, S., Carotti, D., 
and Cantoni, G.L. (1986). Replacement of 5-methylcytosine by cytosine: a 
possible mechanism for transient DNA demethylation during 
differentiation. Proc Natl Acad Sci U S A 83, 2827-2831. 
10.1073/pnas.83.9.2827. 

114. Razin, A., Webb, C., Szyf, M., Yisraeli, J., Rosenthal, A., Naveh-Many, T., 
Sciaky-Gallili, N., and Cedar, H. (1984). Variations in DNA methylation 
during mouse cell differentiation in vivo and in vitro. Proc Natl Acad Sci U 
S A 81, 2275-2279. 10.1073/pnas.81.8.2275. 

115. Szyf, M., Eliasson, L., Mann, V., Klein, G., and Razin, A. (1985). Cellular 
and viral DNA hypomethylation associated with induction of Epstein-Barr 
virus lytic cycle. Proc Natl Acad Sci U S A 82, 8090-8094. 
10.1073/pnas.82.23.8090. 

116. Young, P.R., and Tilghman, S.M. (1984). Induction of alpha-fetoprotein 
synthesis in differentiating F9 teratocarcinoma cells is accompanied by a 
genome-wide loss of DNA methylation. Mol Cell Biol 4, 898-907. 
10.1128/mcb.4.5.898-907.1984. 

117. Takahashi, N., Coluccio, A., Thorball, C.W., Planet, E., Shi, H., Offner, S., 
Turelli, P., Imbeault, M., Ferguson-Smith, A.C., and Trono, D. (2019). 
ZNF445 is a primary regulator of genomic imprinting. Genes Dev 33, 49-
54. 10.1101/gad.320069.118. 

118. Wolf, G., de Iaco, A., Sun, M.A., Bruno, M., Tinkham, M., Hoang, D., Mitra, 
A., Ralls, S., Trono, D., and Macfarlan, T.S. (2020). KRAB-zinc finger 
protein gene expansion in response to active retrotransposons in the 
murine lineage. Elife 9. 10.7554/eLife.56337. 

119. Mitchell, R.S., Beitzel, B.F., Schroder, A.R., Shinn, P., Chen, H., Berry, 
C.C., Ecker, J.R., and Bushman, F.D. (2004). Retroviral DNA integration: 
ASLV, HIV, and MLV show distinct target site preferences. PLoS Biol 2, 
E234. 10.1371/journal.pbio.0020234. 

120. Gifford, R.J., Katzourakis, A., Tristem, M., Pybus, O.G., Winters, M., and 
Shafer, R.W. (2008). A transitional endogenous lentivirus from the 
genome of a basal primate and implications for lentivirus evolution. Proc 
Natl Acad Sci U S A 105, 20362-20367. 10.1073/pnas.0807873105. 

121. Gilbert, C., Maxfield, D.G., Goodman, S.M., and Feschotte, C. (2009). 
Parallel germline infiltration of a lentivirus in two Malagasy lemurs. PLoS 
Genet 5, e1000425. 10.1371/journal.pgen.1000425. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


122. Kambol, R., Gatseva, A., and Gifford, R.J. (2022). An endogenous 
lentivirus in the germline of a rodent. Retrovirology 19, 30. 
10.1186/s12977-022-00615-2. 

123. Katzourakis, A., Tristem, M., Pybus, O.G., and Gifford, R.J. (2007). 
Discovery and analysis of the first endogenous lentivirus. Proc Natl Acad 
Sci U S A 104, 6261-6265. 10.1073/pnas.0700471104. 

124. Harris, R.A., Nagy-Szakal, D., and Kellermayer, R. (2013). Human 
metastable epiallele candidates link to common disorders. Epigenetics 8, 
157-163. 10.4161/epi.23438. 

125. Sulli, G., Manoogian, E.N.C., Taub, P.R., and Panda, S. (2018). Training 
the Circadian Clock, Clocking the Drugs, and Drugging the Clock to 
Prevent, Manage, and Treat Chronic Diseases. Trends Pharmacol Sci 39, 
812-827. 10.1016/j.tips.2018.07.003. 

126. Edgar, R.S., Stangherlin, A., Nagy, A.D., Nicoll, M.P., Efstathiou, S., 
O'Neill, J.S., and Reddy, A.B. (2016). Cell autonomous regulation of 
herpes and influenza virus infection by the circadian clock. Proc Natl Acad 
Sci U S A 113, 10085-10090. 10.1073/pnas.1601895113. 

127. Nilsson, E.E., and Skinner, M.K. (2015). Environmentally induced 
epigenetic transgenerational inheritance of disease susceptibility. Transl 
Res 165, 12-17. 10.1016/j.trsl.2014.02.003. 

128. Yehuda, R., Daskalakis, N.P., Bierer, L.M., Bader, H.N., Klengel, T., 
Holsboer, F., and Binder, E.B. (2016). Holocaust Exposure Induced 
Intergenerational Effects on FKBP5 Methylation. Biol Psychiatry 80, 372-
380. 10.1016/j.biopsych.2015.08.005. 

129. Heard, E., and Martienssen, R.A. (2014). Transgenerational epigenetic 
inheritance: myths and mechanisms. Cell 157, 95-109. 
10.1016/j.cell.2014.02.045. 

130. Wang, T., Jiang, Z., Hou, W., Li, Z., Cheng, S., Green, L.A., Wang, Y., 
Wen, X., Cai, L., Clauss, M., and Wang, Z. (2014). HIV Tat protein affects 
circadian rhythmicity by interfering with the circadian system. HIV Med 15, 
565-570. 10.1111/hiv.12154. 

131. Silvestri, M., and Rossi, G.A. (2013). Melatonin: its possible role in the 
management of viral infections--a brief review. Ital J Pediatr 39, 61. 
10.1186/1824-7288-39-61. 

132. Goto, M., Oshima, I., Tomita, T., and Ebihara, S. (1989). Melatonin 
content of the pineal gland in different mouse strains. J Pineal Res 7, 195-
204. 10.1111/j.1600-079x.1989.tb00667.x. 

133. Kasahara, T., Abe, K., Mekada, K., Yoshiki, A., and Kato, T. (2010). 
Genetic variation of melatonin productivity in laboratory mice under 
domestication. Proc Natl Acad Sci U S A 107, 6412-6417. 
10.1073/pnas.0914399107. 

 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.20.608805doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Week 8 Week 14Week 6Week 3Week 1 Week 24

Figure 1

Figure 1 Legend: Hepatic transduction by lentiviral vectors in Collaborative Cross (CC)  mice. 

A. Depiction of the lentiviral vector pTK979, from which the firefly luciferase is expressed under the 

control of the liver specific promoter hAAT. The Vector’s 5’and 3’ LTRs, packaging signal () rev 

response element (RRE), the central  and the 3’ polypurine tract (cPPT and PPT, respectively) are shown.

B. In vivo imaging of firefly luciferase expression in a sample of 5 CC mice at weeks 1, 3, 6, 8, 14 and 24-
post vector administration (PVA) following intraperitoneal injection with lentiviral vectors expressing the 

firefly luciferase under the control of a liver specific promoter (hAAT). The mice were imaged with the IVIS 

in vivo imaging system.
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Figure 2 legend. The kinetics of hepatic transgene (firefly luciferase) expression following 

intraperitoneal administration of  lentiviral vectors. Bar graph showing levels of hepatic luciferase 

expression in C57B6 and 41 cc mouse strains between weeks 1 and 24-PVA.  To characterize 

the effect of host genetic variations on hepatic gene delivery by lentiviral vectors female mice 

from C57B6 and 41 CC mouse strains were intraperitoneally injected with VSV-G pseudotyped 
lentiviral vectors (pTK979). Luciferase expression in mouse livers was periodically determined at 

1,3,6,8,14 and 24 weeks-PVA by the IVIS imagine system. 

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


Figure 3

Strain

C
5
7
B

6

C
C

0
5
5

C
C

0
1
3

C
C

0
4
3

C
C

0
2
7

C
C

0
6
5

C
C

0
6
8

C
C

0
7
2

C
C

0
1
1

C
C

0
4
2

C
C

0
0
5

C
C

0
7
6

C
C

0
3
0

C
C

0
3
8

C
C

0
2
4

C
C

0
5
8

C
C

0
4
0

C
C

0
4
4

C
C

0
5
3

C
C

0
3
5

C
C

0
3
6

C
C

0
6
0

C
C

0
0
4

C
C

0
0
8

C
C

0
1
6

C
C

0
6
3

C
C

0
4
6

C
C

0
3
2

C
C

0
2
1

C
C

0
5
9

C
C

0
7
0

C
C

0
0
2

C
C

0
1
2

C
C

0
4
1

C
C

0
5
7

C
C

0
0
6

C
C

0
3
3

C
C

0
0
3

C
C

0
1
9

C
C

0
5
6

C
C

0
1
0

C
C

0
6
1

H
e
p

a
ti

c
 l
u

c
if

e
ra

s
e

 e
x
p

re
s
s
io

n
 a

t 
w

e
e
k

 1
-P

V
A

  
  

  
  
  

  
  
  

  
  
  

  
  
P

h
o

to
n

/S
e
c
o

n
d

105

106

107

108

109

9
6

0
,1

2
5

9
6

,8
3
7
,5

0
0

https://doi.org/10.1101/2024.08.20.608805
http://creativecommons.org/licenses/by-nd/4.0/


Figure 3 legend. Hepatic luciferase expression at week 1-PVA in CC mouse strains. Bar 

graph showing the mean hepatic luciferase expression (photon/second) at week 1-PVA. 

The identity of the relevant CC mouse strains is shown in the bottom of the graph. The 

level of the lowest and highest means of hepatic  luciferase expression (960,125 

photon/second in CC057 and 96,837,500 in CC061, respectively) are shown.
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Figure 4 legend. Hepatic luciferase expression at week 24-PVA in CC mouse strains. Bar graph 

showing the mean hepatic luciferase expression (photon/second) at week 24-PVA. The identity 

of the relevant CC mouse strains is shown in the bottom of the graph. The level of the lowest 

and highest means of hepatic  luciferase expression (1,016,900 photon/second in CC057 and 

130,412,500 in CC061, respectively) are shown.
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Figure 5 legend.  Liver VCN in CC mouse strains. Bar graph showing means of VCN in liver 

tissues from 41 CC mouse strains as determined by qPCR. The highest and lowest liver VCN 

(1.911 in C57B6 and 0.045 in CC024, respectively) are shown.
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Figure 6 legend.  Spleen VCN in CC mouse strains. Bar graph showing means of VCN in liver 

tissues from 41 CC mouse strains as determined by qPCR. The highest and lowest liver VCN 

(0.783 in CC056 and 0.039 in CC055 , respectively) are shown.
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Figure 7 legend.  The Ratio of liver VCN to Spleen VCN. Bar graph showing the means of 

liver VCN to spleen VCN ratios in lentiviral vector treated CC mouse strains. VCN in the 

above tissues was determined by qPCR.  The highest and lowest ratios in CC011 (12.175) 
and in CC038 (0.434), respectively are shown. 
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Figure 8 legend. A visualization of the Spearman correlation matrix of hepatic luciferase expression 

and VCN. For the upper triangular correlation matrix, the areas of circles show the absolute value of 

corresponding correlation coefficients, and the numbers are -log10 of the p-value of tests for 

correlation. The positive correlations are shown in blue and negative correlations are shown in red. 

The lower triangular correlation matrix shows coefficients numbers with different color.
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Figure 9
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Figure 9 legend. A visualization of the Spearman correlation matrix of hepatic luciferase 

expression at week 1-PVA and the differences in luciferase expression levels between week 1-

PVA and weeks 1 and 24-PVA. For the upper triangular correlation matrix, the areas of circles 

show the absolute value of corresponding correlation coefficients, and the numbers are -log10 

of the p-value of tests for correlation. The positive correlations are shown in blue and negative 
correlations are shown in red. The lower triangular correlation matrix shows coefficients 

numbers with different color.
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Figure 10 legend.  The kinetics of hepatic transgene expression between week 1 and week  3 -PVA. 

Bar graph showing the difference in the mean hepatic transgene expression between week 1-PVA 

and week 3-PVA in the abovementioned 41 CC and C57B6 mouse strain. To minimize the intrinsic 

effect of strain specific transgene expression at week 1-PVA on the magnitude  of the difference in 

transgene expression at  weeks 1 and 3-PVA, the calculated differences were divided by the value 
of  transgene expression at week 1-PVA. The  highest and lowest means (2.15 in CC063 and -063 
in CC021, respectively) are shown.  
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Figure 11 legend.  The kinetics of hepatic transgene expression between week 1 and week  24-

PVA. A bar graph showing the difference in the mean hepatic transgene expression between 

week 1-PVA and week 24-PVA in the abovementioned 41 CC and C57B6 mouse strain. To 

minimize the intrinsic effect of strain specific transgene expression at week 1-PVA on the 

magnitude  of the difference in transgene expression at  weeks 1 and 24-PVA, the calculated 
differences were divided by the value of  transgene expression at week 1-PVA. The  highest and 
lowest means (6.62 in CC063 and -0.83 in CC021, respectively) are shown.  
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Figure 12 legend.  Specific activity of lentiviral vectors carrying a liver specific promoter  in CC 

mouse strains. Bar graph showing means of vector specific activity in C57B6 and  41 CC 

mouse strains.  To determine vector specific activity, hepatic luciferase activity at week 24-

PVA  was divided by liver VCN.  The highest and lowest means vector specific activity 

(228,820,708 photon/second/vector copy per cell, in CC063 and 6,897,779 
photon/second/vector copy per cell in CC021, respectively) are shown. 
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Figure 13 legend.  Coefficient variation (CV) of hepatic luciferase expression at week 3-

PVA. Bar graph showing mouse strain specific  intrastrain variation in luciferase expression 

at week 3-PVA. Since mean luciferase expression levels intrinsically affect standard 

deviation (std) of luciferase expression. Coefficient variation  (std/mean) was employed to 

characterize strain specific effects on intrastrain variation in luciferase expression at week 
3-PVA. The highest and lowest CV (184.08 in strain CC003 and  35.63 in CC005, 
respectively) are shown.
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Figure 14 legend.  CV of liver VCN  and spleen VCN ratios (liver VCN/Spleen VCN) in CC 

mouse strains . Bar graph showing mouse strain specific  intrastrain variation in liver 

VCN/spleen VCN  ratios . Since the mean of the above ratios intrinsically affects the std of 

the above calculated ratios within each mouse strain, coefficient variation  (std/mean) was 

employed to characterize strain specific effects on intrastrain variation in liver VCN / Spleen 
VCN ratios. The highest and lowest CV (135.20 in strain CC055 and  4.38 in CC038, 
respectively) are shown.
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Figure 15
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Figure 15 legend.  Heatmap of variables related to CV across mouse strains. Values are displayed 

as colors ranging from light yellow to dark red, and larger values are in darker colors. Both rows 

and columns are clustered using correlation distance with a dendrogram added to the left side and 

to the top.
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Figure 16
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Figure 16 legend. The effects of sleep patterns on hepatic transduction by lentiviral vectors. 

Figure 16A. The average percentage of time spent asleep per hour in 7-day sleep traces for 

CC058 and CC072. The x axis represents zeitgeber time in hours. Black dots indicate lights on, 

and red dots indicate lights off.

Figure 16B. Bar plots show the average ratio of time spent asleep during light periods compared to 
dark periods (light grey) and the log10 of mean liver luciferase at week 24 (dark grey) for each 

Collaborative Cross mouse strain. The error bars represent one standard deviation, with half a 

standard deviation above and below the mean. We calculated the average percentage of time 

spent asleep during light or dark periods for each mouse, then computed the ratio of time spent 

during light to dark periods, and finally averaged ratios across all mice for each strain.
Figure 16C. Scatter plots show the relationship between the average ratio of time spent asleep 

during light periods compared to dark periods and the log10 of mean liver luciferase at week 24. 

Pearson’s correlation = 0.6583 (p-value = 0.0277). 

There are 5 female mice in C57/BL6, 5 in CC011, 5 in CC013, 4 in CC027, 5 in CC033, 4 in 

CC036, 4 in CC041, 5 in CC057, 5 in CC058, 1 in CC060, and 4 in CC072, respectively when 
calculating the ratio of time spent asleep during light periods compared to dark periods.

There are 8 female mice in C57/BL6, 5 in CC011, 6 in CC013, 7 in CC027, 6 in CC033, 8 in 

CC036, 6 in CC041, 8 in CC057, 6 in CC058, 6 in CC060, and 6 in CC072, respectively when 

calculating the mean liver luciferase at week 24.
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Figure 17

Hepatic luciferase expression levels at week 3-PVA
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Figure 17 legend. The intrinsic  effects of mean luciferase expression levels on standard 

deviation (SD) and coefficient of variation (CV). Scatter plots show the relationship between 

the SDs and means of hepatic luciferase expression at week 3, CV and mean of hepatic 

luciferase expression at week 3, SD and mean of the ratio of liver and spleen VCN, and CV 

and mean of the ratio of liver and spleen VCN, respectively. The corresponding correlation 
coefficients are added. The correlation between SD and mean of hepatic luciferase 

expression at week 3 is high, and the dots fall along the line. 
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Figure 18
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Figure 18 legend. Host genetic background effects on intra strain variation in the 

ratio of liver and spleen VCN. CV (SD/mean) of the ratios of liver and spleen VCN 

in each CC mouse strain was employed to identify genomic loci associated with 

intra strain variation in the above phenotype. A. shows the LOD scores across all 

chromosomes. The horizontal red, blue, and green lines indicate the 5%, 10%, and 
20% genome-wide significance threshold, respectively, based on a permutation 

test.  B. The LOD score on chromosome 4. C. The estimated QTL effects of eight 

haplotypes among markers near the peak of QTL. D. Dot plot showing the CV of 

the ratio of liver and spleen VCN in CC mouse stains carrying one of the 8 founder 

alleles at the the above QTL on chromosome 4. Note that 4 mouse strains carrying 
the 129 haplotype exhibit the highest CVs. 
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Figure 19
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Figure 19 legend. A physical map of a QTL in mouse chromosome 4, which associates with the ratios 

of liver and spleen VCNs. A. Depiction of the above QTL located between Mbs 134.42  and 136.43 in 

chromosome 4. Numbered red boxes show the genes comprised in the above QTL. Blue boxes show 

the various transposable elements and their location in chromosome 4 (determined by Nellaker et al. 

2012 (43) and converted to Ensmbel GRCm38.6  by https://genome.ucsc.edu/cgi-bin/hgLiftOver) . 
CTCF target sequences and their location in chromosome 4 are shown (determined by Ensmbel 

GRCm38.6). B. Names and locations of the respective numbered red boxes shown in the above 

figure 19 A.
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Figure 20
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Figure 20 legend. Host genetic background effects on intra strain variation in 

hepatic luciferase expression at week 3-PVA. CV (SD/mean) of  hepatic luciferase 

expression at week 3-PVA in each CC mouse strain was employed to identify 

genomic loci associated with intra strain variation. A. The LOD scores across all 

chromosomes. The horizontal red, blue, and green lines indicate the 5%, 10%, and 
20% genome-wide significance threshold, respectively, based on a permutation 

test.  B. The LOD score on chromosome 7. C. The estimated QTL effects of eight 

haplotypes among markers near the peak of QTL. D. Dot plot showing the CV 

hepatic luciferase expression at week 3-PVA in CC mouse stains carrying one of 

the 8 founder alleles at the the above QTL on chromosome 7. Note that 4 mouse 
strains carrying the PWK haplotype exhibit the highest CVs. 
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Figure 21
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Figure 21. Characterization of host genetic background effects on the kinetics of hepatic 

luciferase expression between weeks 1 and 3-PVA. To this end the differences in hepatic 

luciferase expression between weeks 1 and 3-PVA were normalized (divided) by the level of 

hepatic luciferase expression at week 1-PVA.  A. The LOD scores across all chromosomes. 

The horizontal red, blue, and green lines indicate the 5%, 10%, and 20% genome-wide 
significance threshold, respectively, based on a permutation test.  B. The LOD score on 

chromosome 1.  C. The estimated QTL effects of eight haplotypes among markers near the 

peak of QTL. D. Dot plot showing the means of normalized differences in hepatic luciferase 

between weeks 1 and 3-PVA in CC mouse stains carrying one of the 8 founder haplotypes at 

the the above QTL on chromosome 1. Note that 5 mouse strains carrying the 129 haplotype 
exhibit the highest increase in hepatic luciferase expression between weeks 1 and 3-PVA.
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Table 1

Table 1. Summary statistics for the mean of each phenotype across C57B6 and 42 Collaborative Cross 

(CC) mouse strains. The table outlines the minima (lowest value), first quantile (25th percentile), 

median, mean, third quantile (75th percentile), and maxima (highest value) of the calculated means 

across all mouse strains.
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Luc W1 Luc W3 Luc W24
Liver
VCN

Luc 24
  VCN

Liver VCN
Spleen VCN

Spleen
VCN

Maxi 155.21 184.08 159.87 95.44 160.22 135.20 165.26

3rd Qu 98.57 96.20 90.83 64.62 51.40 63.37 79.82

Mean 70.81 72.54 72.13 49.01 43.66 54.26 71.02

Median 57.68 61.48 64.75 45.54 39.63 51.26 65.33

1st Qu 46.87 52.04 50.02 32.54 27.44 40.26 50.43

Min 20.77 35.63 18.51 19.33 14.81 4.38 20.89

Table 2

Table 2. Summary statistics for the coefficient of variation (CV) of each phenotype across 

C57B6 and 42 Collaborative Cross (CC) mouse strains. The table outlines the minima 

(lowest value), first quantile (25th percentile), median, mean, third quantile (75th percentile), 

and maxima (highest value) of the calculated CV across all mouse strains. CV = Standard 

Deviation / Mean * 100%.
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Table 3

Phenotype Heritability % p-value

Liver Luciferase Expression Week 1

Liver Luciferase Expression Week 3

Liver Luciferase Expression Week 6

Liver Luciferase Expression Week 8

Liver Luciferase Expression Week 14

Liver Luciferase Expression Week 24

Liver Luciferase Expression Week 3 - Week 1 / Week 1

Liver Luciferase Expression Week 14 - Week 8 / Week 8

Liver Luciferase Expression Week 24 - Week 14 / Week 14

Liver Luciferase Expression Week 24 - Week 3 / Week 3

Liver Luciferase Expression Week 24 - Week 1 / Week 1

Liver VCN

Spleen VCN

Liver VCN / Spleen VCN

Liver  Luciferase expression week 24 / Liver VCN

44.94

49.20

43.19

49.51

50.28

45.45

35.60

23.01

14.79

15.79

18.92

Liver Luciferase Expression Week 8 - Week 3 / Week 3

43.44

59.02

53.77

54.28

49.03 <0.0001

0.0370

0.6819

0.6130

0.3018

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Table 3. Phenotypes global heritability. For each phenotype that has replicated 

samples within each CC line, we perform one-way ANOVA analysis where the CC 

lines are modeled as a categorical variable. The corresponding p-value in testing 

the CC effect and the global heritability which is calculated as the percentage of the 

phenotype variance explained by the CC lines are summarized. 
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Table 4

Table 4.  QTL analysis of hepatic lentiviral vector traits . For each phenotype, QTL analysis is performed, and 

the genome wide significance is estimated based on the result from total 1000 permutations. Phenotypes 

with top candidate loci that passed the genome wide significance at 0.2 are summarized. The chromosome 

and position (Mb) refer the estimated QTL location followed by the lower and upper bounds of the 95% 

Bayes credible interval and the wide of the QTL interval. The reported heritability of each QTL corresponds 
to the estimated heritability of the top SNP associated with the reported QTL. The numbers of genes (coding 

and non-protein coding) and pseudogenes located within the 95% Bayes credible interval are also reported 

for the three QTLs that pass the 0.05 genome wide significance level. * For each outcome, if QTL analysis is 

performed not on the individual measurements, but on the mean or CV of each CC line, the corresponding 

phenotype is referred as phenotype mean or phenotype CV, respectively. 

Phenotype *

CV.  Liver VCN /Spleen VCN 

CV.  Liver Luc Week-3

CV.  Luc Week-24 / Liver VCN  

Mean. Luci Week-1 mean

Mean. Liver-VCN / Spleen-VCN 

Mean. Luci Week-6

Luc Week-14 - Luci Week-8
           Luci Week-8 

CV.  Spleen VCN

Heritability
       (%)

# of 
Genes

# of 
Pseudoenes

Interval
Width (Mb)

Upper
Bound (Mb)

Lower
BounD (Mb)

Position
  (Mb)

9.47

ChrLOD
p-

value
Sig

19

8

1

4

2

8

1

7

4

8.92

8.37

9.72

11.27

9.86

10.12

7.34

11.90

0.10

0.05

0.05

0.05

0.10

0.10

0.20

0.20

0.20

0.008

0.040

0.030

0.064

0.081

0.091

0.143

0.159

0.166

50.19

192.69

99.03

154.29

19.80

37.56

36.09

27.49

135.41 134.82

40.97

192.36

99.03

152.95

14.75

37.54

31.11

24.77

136.43
50.25

193.71

100.59

156.38

19.80

41.37

61.36

28.06

1.61

9.28

1.35

1.56

3.43
5.05

3.83

30.25

3.29

65.48

63.26

60.92

66.45

71.79

66.95

67.91

56.16

73.72

34

57

372

11

134

4
Luc Week-3 - Luci Week-1
           Luci Week-1  

Mean. 

Mean. 
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