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Abstract

Lupus is an autoimmune disease characterized by the development of antinuclear autoantibodies
and immune complex-mediated tissue damage. T cells in lupus patients appear to undergo
apoptosis at an increased rate, and this enhanced T cell apoptosis has been postulated to contribute
to lupus pathogenesis by increasing autoantigen load. However, there is no direct evidence to
support this hypothesis. In this study, we show that an Lck-cre transgene, which increases T cell
apoptosis as a result of T cell specific expression of cre recombinase, accelerates the development
of autoantibodies and nephritis in lupus-prone (NZBxNZW)F1 mice. Although the enhanced T
cell apoptosis in Lck-cre transgenic mice resulted in an overall decrease in the relative abundance
of splenic CD4* and CD8* T cells, the proportion of activated CD4* T cells was increased and no
significant change was observed in the relative abundance of suppressive T cells. We postulate
that the Lck-cre transgene promoted lupus by enhancing T cells apoptosis, which, in conjunction
with the impaired clearance of apoptotic cells in lupus-prone mice, increased the nuclear antigen
load and accelerated the development of anti-nuclear autoantibodies. Furthermore, our results also
underscore the importance of including cre-only controls in studies using the cre-lox system.
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Introduction

Lupus is a chronic autoimmune disease associated with the enhanced survival and
hyperactivation of autoreactive B cells and T cells. Perhaps paradoxically though, T cells
from lupus patients also appear to undergo apoptosis at an increased rate compared to that in
healthy controls.1=® This increase in T cell apoptosis has been postulated to contribute to the
pathogenesis of lupus by increasing the load of autoantigens. In human lupus patients,
increased rates of T cell apoptosis has been correlated with higher disease activity.!
However, these studies are correlative and do not demonstrate a cause-effect relationship.
Likewise, direct evidence to support the hypothesis that enhanced T cell apoptosis promotes
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lupus in mice is also lacking. In fact, whereas injection of apoptotic B cells into lupus prone
(NZB x NZW)F1 mice has been shown to accelerate the development of lupus, injection of
apoptotic T cells failed to elicit this response.8 Indeed, it has also been proposed that the
increased rate of T cell apoptosis in lupus patients could be an epiphenomenon.®

Lupus is also associated with the inefficient clearance of nuclear antigens that can be
released when cells undergo apoptosis. Both lupus patients and murine models for lupus
exhibit impaired clearance of endogenous apoptotic bodies.”~? Induction of macrophage
apoptosis, which further attenuates macrophage-dependent clearance of apoptotic debris
while simultaneously increasing nuclear antigen load, has been shown to exacerbate
autoimmunity in lupus-prone mice.10 Additionally, mutations in genes such as Tim-4,
Dnasel, Sap, C1lq, and Mer, which encode proteins that play a role in the clearance of
apoptotic cells, result in the development of lupus in mice, even when the mutations are
harbored on a non-autoimmune genetic background.811:12 Altogether, these data suggest
that inefficient clearance of apoptotic cells leads to the exposure of the immune system to
intracellular antigens, including nuclear antigens, which drives the selection of autoreactive
immune cells and promotes the development of anti-nuclear antibodies, including anti-
chromatin 1gG and anti-dsDNA IgG.

The use of the cre-lox system to generate tissue- or cell type- specific knockouts has become
commonplace, and several recent publications investigating gene function in mouse models
of lupus have employed this system.13-15 However, one caveat to this approach is that
expression of cre-recombinase can result in significant DNA damage and chromosome
rearrangements, leading to cell growth defects and increased apoptosis both in vitro and in
vivo.16-22 This increase in cell death is thought to be due to single- and double-stranded
breaks that result from cre-mediated cleavage at cryptic and pseudo loxP sites, which are
estimated to occur at a frequency of about 1.2 sites per megabase (Mb) in the mouse
genome.23-26 Although cre recombinase expression can cause DNA damage and apoptosis,
most studies using the cre-lox system do not include cre only controls, which would allow
one to determine if these (or other) cre-mediated side-effects had any impact on the
phenotype being studied.22:27

In this study, we report that an Lck cre transgene accelerates the development of
autoantibodies and lupus nephritis in (NZB x NZW)F1 mice. As has been reported
previously, we found that in Lck-cre transgenic mice, the expression of cre recombinase
driven from the T cell specific Lck promoter resulted in a significant increase in T cell
apoptosis.28-30 |n the context of the lupus prone (NZB x NZW)F1 genetic background, we
hypothesize that this increase in apoptosis overwhelms the inefficient apoptotic cell
clearance in these mice. The resulting accumulation of apoptotic debris would increase the
exposure of immune cells to nuclear antigens, which would subsequently accelerate the
development of autoimmunity. This interpretation of our results is fully consistent with the
hypothesis that enhanced T cell apoptosis in lupus-prone individuals can promote the
development of lupus. Furthermore, our results emphasize the critical importance of cre-
only controls in experiments using the cre-lox system.
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Materials and Methods

Generation of the NZB.Lck-cre and NZW.ERaf/f! congenic lines

Congenic NZB.Lck-cre mice were generated by backcrossing FVB.Lck-cre mice,3! a kind
gift from Dr. Rene Opavsky of the University of Nebraska Medical Center, onto the NZB
background in conjunction with marker assisted selection as we have described
previously.32 To eliminate FVB alleles that might impact the lupus phenotype of (NZB x
NZW)F1 mice, we genotyped mice from each backcross generation using 120 polymorphic
markers spanning the 19 murine autosomes (detailed in Table 1). PCR genotyping was
performed as we have described previously32 using oligonucleotide primers specific for
simple sequence length polymorphisms (SSLP) between the FVB and NZB strains. Primer
sequences were obtained from the Mouse Genome Informatics database
(www.informatics.jax.org). Mice carrying the Lck-cre transgene were identified via a PCR-
based protocol obtained from The Jackson Laboratory (http://jaxmice.jax.org/strain/
003802.html), and utilized two primer pairs; the first detected the Lck-cre transgene (F: 5’-
CAGTCAGGAGCTTGAATCCCACGA-3’, R: 5’-TAATCGCCATCTTCCAGCAG-3"),
and the second amplified a 324 bp region of the interleukin 2 gene as positive control (F: 5°-
CTAGGCCACAGAATTGAAAGATCT-3", R: 5’-
GTAGGTGGAAATTCTAGCATCATCC-3").

Marker assisted selection was also used to generate the NZW.ERa strain, which is
homozygous for an estrogen receptor alpha (ERq) allele in which exon 3 is flanked by loxP
sites. This strain was obtained by backcrossing B6.ERaf!/fl mice, obtained from Ken Korach,
onto the NZW background. 33 To accomplish this, genotypes were determined using 105
PCR-based SSLP markers that are polymorphic between the B6 and NZW strains (detailed
in Table 2). The presence of the ER« floxed allele was assessed with PCR using REDTaq
ReadyMix PCR Reaction Mix (Sigma-Aldrich, St. Louis, MO) and a primer set that detected
the insertion of the loxP sites (F: 5’- GACTCGCTACTGTGCCGTGTGC-3’; R: 5’-
CTTCCCTGGCATTACCACTTCTCCT-3’). 3 At the N6 backcross generation, the genetic
backgrounds for both NZB.Lck-cre and NZW.ERaf! mice were assessed at the DartMouse™
Speed Congenic Core Facility at Dartmouth Medical School. DartMouse uses the Illumina,
Inc. (San Diego, CA) GoldenGate Genotyping Assay to interrogate 1449 SNPs spread
throughout the genome. The raw SNP data were analyzed using DartMouse’s SNaP-Map™
and Map-Synth™ software, to determine the SNP genotype, and thus strain of origin of SNP
alleles, in each mouse.

The Institutional Animal Care and Use Committee of the University of Nebraska Medical
Center approved all procedures involving mice. Mice were housed under controlled
temperature, humidity, and lighting conditions in an animal facility accredited by the
American Association for Accreditation of Laboratory Animals Care operating in
accordance with the standards highlighted in Guide for the Care and Use of Laboratory
Animals). Mice were provided Harlan irradiated rodent diet #7904 (Harlan Teklad, WI,
USA) and allowed to feed ad libitum.
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Generation and analysis of experimental mice

At the N7 backcross generation, NZB.Lck-cre mice were crossed with NZB.ERa*/~ mice,
which are NZB congenic mice heterozygous for a targeted deletion of exon 2 of ERq.32:35
The genotype for ERa was determined via PCR using two primer sets. One set amplified a
region of the neomycin cassette used to disrupt exon 2 deletion (F: 5'-
TGAATGAACTGCAGGACGAG-3; R: 5-AATATCACGGGTAGCCAACG-3) and the
other amplified a region of ERa exon 5 (F: 5-CTACGGCCAGTCGGGCAT-3; R: &/
AGACCTGTAGAAGGCGGGAG-3) as a positive control. 3° The resulting female
NZB.Lck-cre;ERa*~ offspring were crossed with NZW.ERa™ male mice. The genotypes
with respect to the Lck-cre transgene, ERa knockout allele (exon 2 deletion), and the ERa
floxed allele (floxed exon 3) were determined using the aforementioned PCR assays.

Beginning at six weeks of age, mice were monitored fortnightly for the development of
albuminuria using Albustix (Bayer Corp., In, USA). Incidence of albuminuria was defined
as two consecutive readings of 2+ (>100 mg/dL). Beginning at two months of age, serum
was isolated from peripheral blood collected monthly via saphenous vein. Mice were
euthanized by CO2 asphyxiation when they appeared moribund, or had reached one year of
age.

Histological Analysis

Upon sacrifice, kidneys were collected and fixed overnight in 10% neutral buffered
formalin. Kidneys were then processed, paraffin-embedded and sectioned. Sections were
stained with periodic acid and Schiff’s reagent (Sigma Aldrich) and mounted with Permount
(Thermo Fisher). Stained sections were analyzed for evidence of glomerulonephritis via
light microscopy as described previously.32

Analysis of the efficiency of cre-mediated deletion of the ERaf allele

To directly determine the efficiency of cre-mediated deletion of the ER« T allele in splenic T
cells, we designed a quantitative PCR assay. As described previously, the floxed allele of
ERa consisted of an ERa allele in which exon 3 is flanked by loxP sites. Upon cre-mediated
recombination, sequences between the loxP sites, including exon 3, are physically excised,
resulting in the ERaEX3~ allele. We designed gPCR primers flanking the loxP sequences
(ERaDelF & ERaDelR) which amplified a 161 bp product from the ERaE*3~ allele only
(Figure 1).

Quantitative PCR was performed on DNA isolated from splenic CD4* T cells. To collect
CD4* T cells, spleens were harvested from 14 week (100 days) old and 38 week (270 days)
old mice, macerated in MACS buffer (1x PBS with 0.5% BSA and 2mM EDTA), and
passed through a 70 pm nylon mesh to create a single-cell suspension of splenocytes. Cells
were centrifuged and erythrocytes were lysed using ACK lysis buffer (Thermo Fisher,
Waltham MA). CD4* T cells were isolated with the murine CD4* T cell Isolation Kit 11
(Miltenyi, San Diego, CA), and AutoMACS cell separator (Miltenyi), according to the
manufacturer’s protocol. Genomic DNA from isolated CD4* T cells was obtained using
Qiagen’s DNeasy Blood & Tissue Kit (Qiagen, Germantown, MD) and quantitated using a
NanoDrop 1000 Spectrophotometer. gPCR reactions containing 5ng of DNA were
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performed using Power SYBR Green PCR Master Mix (Thermo Fisher), were run on an
Applied Biosystems 7500 real time PCR system, and analyzed with SDS software v1.4. To
quantitate the efficiency of cre-mediated deletion, two sets of primers and independent
standard curves were designed: The ERaDel primer pair amplified the genomic region that
had undergone cre-mediated deletion of ERa exon 3 (F: 5’-
TGGAATGAGACTTGTCTATCTTCG-3’, R: 5°-
AACCAAGGAGAACAGAGAGACT-3"). A second primer pair, which served as a positive
control, amplified a portion of exon 5 of ERa (F: 5’-
GGAAGGCCGAAATGAAATGGG-3’, R: 5’-CCAACAAGGCACTGACCATC-3’). To
quantify amplification resulting from each primer pair, a standard curve was generated using
a serial dilution of a DNA sample from a mouse containing constitutive deletion of the
floxed exon 3 (ERa®*3~78x37) For each T cell DNA sample, the abundance of the allele in
which exon3 was successfully deleted was determined using the standard curve, and this
amount was then normalized to the abundance of ERa exon 5, to correct for any slight
differences in the quantity of input DNA.

Serological Analysis

Autoantibody levels and total serum IgG and IgM levels were determined by ELISA using
serum isolated from peripheral blood. All samples were assayed in duplicate. Total serum
IgG and IgM concentrations were determined as we have described previously using
isotype-specific alkaline phosphatase antibodies (Southern Biotech, Birmingham, Alabama,
USA. ELISAs to quantify anti-dsDNA IgG, anti-dsSDNA IgM, and anti-chromatin 1gG were
conducted as described previously using isotype-specific horseradish peroxidase-conjugated
or alkaline phosphatase-conjugated antibodies (Alpha Diagnostics Corp., San Antonio, TX,
USA). 36: 37 Quantitative measurements of antibody concentrations for experimental
samples were obtained using a standard curve generated from serial dilution of a positive
control that consisted of serum pooled from female (NZB x NZW)F1 mice with heavy
albuminuria. Autoantibody data is expressed as arbitrary Units/mL. All optical density
measurements were obtained using a BioRad 680 microplate reader and Microplate Manager
Software version 5.2.1. Experimental sera were diluted serially 1:10,000 to 1:50,000-fold for
determination of total serum 1gG and IgM levels and 1:50 to 1:1000 for autoantibody levels.

Flow Cytometric Analysis of T cell Compartments

To analyze splenic and thymic T cell populations, females and males were sacrificed at 3
months and 5 months, respectively. Spleens and thymuses were collected and macerated in
MACS buffer and passed through a 70um filter to create a single-cell suspension. RBCs
were lysed with ACK Lysis buffer, and total cell counts were obtained using the Countess
Automated Cell Counter. The antibodies used for flow cytometry were: CD3e-Pacific Blue
(500A2), CD4-PE (RM4-5), CD8-APC (53-6.7), CD69-FITC (H1.2F3), CD134-Biotin
(OX-86), CD62L-APC (MEL-14), and CD25-APC.Cy7 (PC61). All antibodies were
obtained from BD Biosciences (San Jose, CA). Biotinylated antibodies were detected using
FITC-conjugated streptavidin (BD Biosciences). Thymic and splenic single- and double-
positive T cell populations and rates of apoptosis were evaluated by labeling cells with CD4,
CD8, Annexin-V, and PI. Splenic T-regulatory (Treg) cells were evaluating by examining
the CD3*CD4*CD8~CD25MNCD62L° cell population. Splenic activated T cells were
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evaluated by examining CD4*CD69*, CD4*CD62L'°, and CD4*CD134* cell populations.
Labeled cells were assayed on an LSR |1 bench-top flow cytometer, and data was analyzed
using FACSDiva (8.0) and plotted using FlowJo X (10.0.7r2) software.

Analysis of Previously Published Papers Using Lck-Cre Constructs

PubMed (http://www.ncbi.nIm.nih.gov/pubmed) was queried using the search term “‘Lck cre’
within the 5 year span of 2008 to 2013. Among the 41 results, 39 studies were deemed
relevant because they used any one of the existing Lck-cre transgenic strains to generate a T
cell specific gene deletion. This subset of published studies was examined in detail to
determine if Lck-cre only controls were reported as part of the experimental design.

Statistical Analysis

Results

All statistics were calculated using SPSS software (IBM, Armonk, NY; Version 23).
Initially, statistical analysis of data from male and female mice was performed separately
because of the intrinsic gender differences that exist in the (NZB x NZW)F1 phenotype.
However, similar results were obtained from virtually all analyses of female and male mice.
Therefore, unless specified otherwise, the two genders were combined and analyzed together
to simplify the analysis and reporting of the results. Linkage of the Lck-cre transgene to
markers on chromosome 1 was evaluated using the Chi-squared test. The impact of the Lck-
cre transgene on time-to-event data including lifespan and incidence of albuminuria was
examined using Kaplan-Meier survival analysis and the log-rank test. Median values are
reported for all time-to-event data. Incidence of premature mortality and development of
albuminuria was conducted using Fisher’s exact test. For all antibody concentrations, the
efficiency of cre deletion, and flow cytometric analyses, mean values along with the
standard error of the mean, are reported, and statistical significance was calculated using
Student’s t-test. Two-sided p-values less than or equal to 0.05 were considered to be
evidence of statistical significance and are provided in the text.

Production of NZB.Lck-cre and NZW.ERa 'l congenic strains using marker assisted

selection

Congenic NZB.Lck-cre and NZW.ERa! strains were produced using a marker-assisted
selection strategy which initially employed SSLP markers. At the N6 backcross generation,
the uniformity of the genetic background of each strain was confirmed by genotyping with a
higher density array of SNP markers. At the N6 generation, the NZB.Lck-cre mice were
identical to the NZB strain, with the exception of a genomic region on chromosome 1
between 40 and 63 Mb. All NZB.Lck-cre transgenic mice were heterozygous for FVB
alleles in this interval, suggesting that this region likely contained the Lck-cre transgene
(Figure 2(a)). This interpretation was confirmed by further genotyping of a large panel of
transgenic and non-transgenic NZB.Lck-cre congenic mice with additional SSLP markers on
chromosome 1 (D1Mit214, 58.2 Mb; D1Mit75a, 58.7 Mb, D1Mit249, 60.8 Mb; D1Mit303,
62.9 Mb). We observed complete concordance between genotype in this interval on
chromosome 1 and the presence or absence of the Lck-cre transgene (p<7.7x10729),
Importantly, this segment of chromosome 1 does not overlap with any known lupus-
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susceptibility loci 3840 and thus the impact of the residual FVB alleles linked to the Lck-
cre transgene on the lupus phenotype is likely to be negligible. By the N6 generation, the
genetic background of the NZW.ERa/ strain was fully congenic, except for a 20 Mb
segment derived from the B6 strain on chromosome 10 flanking the floxed ER« allele
(Figure 2(b)). This region does not contain any known lupus susceptibility alleles.#1:42

Inefficient deletion of the ERaf allele in Lck-cre transgenic mice

At the N7-N8 backcross generations, female NZB.Lck-cre;ERa*'~ mice were crossed with
male NZW.ER mice to generate (NZB x NZW)F1.Lck-cre;ERa/~ mice that would be
used to determine the impact of ERa-deletion in the T cell compartment on the lupus
phenotype. The (NZB x NZW)F1.Lck-cre;ERa*, (NZB x NZW)F1.ER~, and (NZB x
NZW)F1.ERa* mice also produced from this cross would serve as controls. After
generating these mice, we sought to determine the efficiency with which the floxed ERa
allele was successfully deleted in T cells in Lck-cre transgenic (NZB x NZW)F1 mice.
Using reporter gene-based analysis on different genetic backgrounds, the Lck-cre transgene
has been previously reported to be expressed in approximately 90% of double positive (DP)
thymocytes. 43 Similarly, Southern blot analysis has revealed that the Lck-cre transgene
results in the deletion of floxed alleles in thymocytes with approximately 87%-99%
efficiency.4

To determine what fraction of splenic CD4* T cells carried the deleted ERa allele in (NZB
x NZW)F1 Lck-cre transgenic mice, we developed a PCR assay using primers that
amplified the ERa allele only if exon 3 has been successfully deleted (Figure 1). These
primers amplified a 161 bp fragment of DNA from both Lck-cre transgenic ERa* and
ERa~ samples, but failed to generate the significantly larger amplicons in non-transgenic
samples that could be theoretically generated from either the unrecombined ERf allele
(773 bp) or the non-floxed ERa allele (699 bp; Figure 3(a)). Thus, this assay specifically
quantified the ERa allele that had successfully undergone cre-mediated deletion.

In contrast to what has been reported previously for the Lck-cre transgene, 28 44 at both 14
weeks and 38 weeks days of age, the efficiency of cre-mediated deletion of ER«a was found
to be quite low. The ERdf! allele had been successfully deleted in only ~16% of splenic
CD4* T cells in 14 week old Lck-cre;ERa~ mice (Figure 3(b)). At this same time point, in
Lck-cre;ERa* mice, the ERaf! allele had been deleted in ~22% of splenic CD4* T cells.
The efficiency of cre-mediated deletion was not different between the two groups (p=0.491),
indicating that the apparently very low efficiency of the ERaf! allele in Lck-cre;ERaf~ mice
was not due to the resulting ERa~/~ T cells being at a competitive disadvantage. Similar
results were observed when mice were analyzed at 38 weeks of age. At this time point, the
ERd!! allele had been deleted in ~24% and ~40% of splenic CD4* T cells in 38 week old
Lck-cre;ERa™~ and Lck-cre;ERa* mice, respectively. As the mice aged, there was an
increase in the proportion of splenic CD4* T cells that had deleted the floxed allele, but this
difference did not achieve significance (p>0.1). Importantly, at both 14 and 38 week time-
points, on average, less than 25% of splenic CD4* T cells in Lck-cre;ERa~ mice had
deleted the ERcf allele and were rendered ERa deficient. Because the majority of splenic
CD4* T cells in Lck-cre;ERaf~ mice retained the functional ERa allele, the T cell
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compartment in these mice was essentially equivalent to that in the Lck-cre;ERa/* mice.
Thus, the Lck-cre;ERa~ mice could not be used to analyze the impact of T cell-specific
deletion of ERa on the development of lupus in (NZB x NZW)F1 mice.

The Lck-cre transgene accelerates the development of lupus nephritis in (NZB x NZW)F1

mice

Although the Lck-cre/lox system could not be used to determine the impact of T cell-
specific deletion of ERa on the lupus phenotype, during the course of evaluating the mice
originally generated for that purpose, we observed that the Lck-cre transgene itself
modulated the lupus phenotype in (NZB x NZW)F1 mice. Over the experimental time
course, 92% of non-transgenic (NZB x NZW)F1 mice (ERa/V~ and ERa/V*) developed
albuminuria at a median age of 30 wks (Figure 3(c)). There was no difference in latency to
onset of albuminuria between non-transgenic ERa~ and ERaf* mice (p=0.57), so these
two groups were pooled and are referred to hereafter as “non-transgenic mice”. Likewise,
there was no difference in latency to onset of albuminuria between Lck-cre.ERa~ and Lck-
cre.ERa/V* mice (p=0.84), so these two groups were also pooled and are referred to
hereafter as “Lck-cre transgenic mice”. Over the experimental time course, 97% of Lck-cre
transgenic (NZB x NZW)F1 mice developed albuminuria (p=0.28) at a median age of 26
weeks (p=0.036). Because all of the mice in both the Lck-cre transgenic and non-transgenic
groups carried a floxed allele of ERa, the difference in median latency to onset of
albuminuria between the Lck-cre transgenic and non-transgenic groups could not be
attributed to the presence of the floxed ERa allele. Rather, these results suggested that the
Lck-cre transgene accelerated the development of albuminuria.

The Lck-cre transgenic (NZB x NZW)F1 mice also displayed accelerated mortality
compared to non-transgenic littermates. In both the Lck-cre transgenic and non-transgenic
groups, ERa genotype (ERa/V* versus ERaf™) had no impact on median survival (data not
shown; p>0.23). This finding, together with the low efficiency of cre mediated deletion,
validated the grouping of mice based upon transgene status alone for all further analysis.
The median lifespan of non-transgenic (NZB x NZW)F1 mice was 38.1 weeks, and by one
year of age, 77% of non-transgenic mice had died (Figure 3(d)). By contrast, the Lck-cre-
transgenic (NZB x NZW)F1 mice had a median survival of 33.4 weeks (p=0.015) and an
88% mortality rate by one year of age (p=0.15). The mean time between onset of
albuminuria and morbidity was ~7-8 weeks in both non-transgenic and transgenic mice,
indicating that once albuminuria developed, nephritis continued to progress at an identical
rate in both groups. Altogether, these data indicate that the Lck-cre transgene hastens
mortality by accelerating the disease onset rather than by modulating disease progression.

Histological analysis of sections of kidneys collected from mice at the time of sacrifice
indicated that all (NZB x NZW)F1 mice, irrespective of Lck-cre transgene or ERa genotype,
developed severe lupus nephritis. Kidneys of all mice showed evidence of glomerular matrix
deposition, glomerular hypercellularity, wire-loop lesions, tubular dilation and the invasion
of lymphocytes into the renal cortex (Figure 3(e, f)). The severity of nephritis at the time of
sacrifice did not differ between transgenic and non-transgenic mice (p=0.88). Although both
Lck-cre transgenic and non-transgenic mice ultimately developed severe nephritis, the
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accelerated mortality of Lck-cre-transgenic (NZB x NZW)F1 mice indicated that these mice
developed severe nephritis at a significantly younger age than their non-transgenic
littermates (p=0.015). Furthermore, these observations demonstrate that the early mortality
in the Lck-cre transgenic (NZB x NZW)F1 mice is due to accelerated development of lupus
and is not the result of some other transgene-associated pathology.

Lck-cre transgene accelerates the development of autoantibodies

Because Lck-cre-transgenic (NZB x NZW)F1 mice displayed accelerated development of
lupus nephritis, we evaluated the impact of the transgene on the time course of development
of pathogenic anti-dsDNA 1gG autoantibodies. Due to significant gender differences in
absolute serum autoantibody concentrations as well as the time course of appearance of
these autoantibodies, males and females were evaluated separately for this analysis.
However, similar results were obtained from the independent analysis of each gender.
Consistent with the observation that Lck-cre-transgenic female mice displayed accelerated
albuminuria and mortality compared to non-transgenic females, transgenic females also
developed high levels of pathogenic anti-ds-DNA 1gG antibodies at a younger age than non-
transgenic females; At 4 months of age, Lck-cre-transgenic (NZB x NZW)F1 females had
significantly higher anti-dsDNA 1gG concentrations than non-transgenic females (Figure
4(a); p=0.0054). After this time point, anti-dsDNA IgG levels in non-transgenic females
increased significantly over time (p=0.049) whereas that in the Lck-cre transgenic females
remained relatively constant (p=0.76). Consequently, at 5 and 6 months of age, no
significant difference in anti-dsDNA IgG concentrations between Lck-cre transgenic and
non-transgenic mice was detectable (p>0.24). The level of non-pathogenic anti-dsDNA IgM
also increased in both the Lck-cre transgenic and non-transgenic mice over time (Figure
4(b); p=0.0068 and p=0.000031, respectively) but no difference in anti-dsDNA IgM
concentrations was observed between groups at any time point (p>0.56).

Because anti-dsSDNA 1gG autoantibodies are thought to arise via epitope spreading in B cells
that are initially chromatin reactive, we examined the impact of the Lck-cre transgene on the
development of anti-chromatin 1gG. As we had observed with anti-dsDNA IgG levels in
young mice, Lck-cre transgenic females displayed significantly higher concentrations of
anti-chromatin IgG than non-transgenic females at 4 months of age (Figure 4(c); p=0.0032).
Here again, at 5 months of age, the anti-chromatin 1gG concentrations in Lck-cre transgenic
females remained relatively unchanged (p=0.62) whereas anti-chromatin 1gG levels had
increased significantly in non-transgenic female mice (p=0.014). Thus, at this time point,
there was no significant difference in serum anti-chromatin IgG between Lck-cre transgenic
and non-transgenic females (p=0.33). Total serum IgG and IgM did not differ between the
Lck-cre transgenic and non-transgenic (NZB x NZW)F1 females (Figure 4(d); p>0.23). This
observation indicated that the accelerated development of high levels of autoantibodies in
the Lck-cre transgenic mice was not a reflection of a global increase in total serum 1gG.
Rather, the impact of the Lck-cre transgene was specific to anti-nuclear 1gG autoantibodies.

Production of anti-dsDNA IgG and anti-chromatin IgG in (NZB x NZW)F1 males occurs
later than that in females. Nevertheless, similar to what we observed in female mice, Lck-cre
transgenic males developed significantly greater levels of pathogenic anti-dsDNA 1gG than
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non-transgenic males at an earlier age; At six months of age, anti- dsSDNA IgG levels were
significantly greater in Lck-cre transgenic males compared to non-transgenic males (Figure
5(a); p=0.008). No difference was observed in the production of non-pathogenic anti-
dsDNA IgM at this same time point (Figure 5(b); p=0.48). Likewise, we also observed that
at 6 months of age, Lck-cre transgenic males displayed significantly higher anti-chromatin
IgG levels than non-transgenic males (Figure 5(c), p=0.027). As was observed in female
mice, there was no difference in the concentration of total serum immunoglobulin between
transgenic and non-transgenic mice (Figure 5(d); p>0.10).

The Lck-cre transgene alters developing thymic T cell populations and their survival

The Lck-cre transgene used in this study has previously been reported to induce T cell
apoptosis, likely due to DNA damage resulting from cre recombinase mediated cleavage at
lox-like sequences in the genome.25:28 We postulated that the accelerated development of
autoantibodies and lupus nephritis in Lck-cre transgenic mice might be driven by increased
exposure of transgenic mice to nuclear antigens as a result of increased T cell apoptosis. To
explore this possibility, we first examined the impact of the Lck-cre transgene on thymic T
cell development and survival in the context of the lupus-prone (NZB x NZW)F1
background. For this analysis, we examined thymocytes from female mice sacrificed at 3
months of age and male mice sacrificed at 5 months. These ages were selected because they
are one month prior to the ages at which transgenic (NZB x NZW)F1 mice displayed higher
autoantibody levels than their non-transgenic counterparts. Furthermore, at these ages, the
mice did not display albuminuria or other evidence of lupus. Due to a gender difference in
the proportion of DP T cells, males and females were analyzed separately. However, the
nature of impact of the Lck-cre transgene on DP cells was identical in males and females.

The Lck-cre transgene has been shown previously to result in a slight reduction in the
number of DP thymic T cells.28:4546 Consistent with these reports, we observed that the
proportion of DP thymic T cells in female Lck-cre transgenic (NZB x NZW)F1 mice was
significantly less than that in non-transgenic littermates; DP T cells represented 67.6% of
thymocytes in Lck-cre transgenic mice and 74.4% in non-transgenic mice (Figure 6(a, b);
p=0.0053). This trend was also observed in male (NZB x NZW)F1 mice, where the
proportion of DP T cells in the thymus was also reduced in Lck-cre transgenic mice
compared to non-transgenic mice (22.3% versus 48.5% Figure 6(c, d); p=0.021).
Additionally, the proportion of DP thymocytes undergoing apoptosis in Lck-cre transgenic
females (59.7%) was significantly different than that observed in non-transgenic females
(44.8%) (Figure 6(e); p=0.0025). Surprisingly, the proportion of thymic DP cells undergoing
apoptosis in Lck-cre transgenic males was actually lower than that in non-transgenic mice
(32.7% versus 58.9%), although this difference fell short of significance (Figure 6(¢);
p=0.065).

Because DP thymocytes are the immediate precursors of CD4* and CD8* single positive
cells, we also analyzed the impact of the Lck-cre transgene on these thymocyte populations.
Between Lck-cre transgenic and non-transgenic groups, there was no significant difference
in the relative abundance of either CD4* thymocytes (20.3% versus 17.3%) or CD8*
thymocytes (5.7% versus 5.7%; Figure 6(f, g); p>0.2). However, there was a significant
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difference between Lck-cre transgenic and non-transgenic mice with respect to the
proportion of apoptotic CD4* thymocytes (33.3% versus 19.4%) and apoptotic CD8*
thymocytes (35.4% versus 23.1%; Figure 6(e); p<0.01).

The Lck-cre transgene alters splenic T cell subsets, apoptosis and activation

The impact of the Lck-cre transgene on mature T cells in the spleen of (NZB x NZW)F1
mice was also examined. Here again, mice were evaluated prior to both the development of
high levels of autoantibodies and the onset of autoimmune disease—at 3 months of age in
females and at 5 months of age in males. In non-transgenic mice, CD4* T cells and CD8* T
cells represented 18.8% and 15.0% of splenocytes, respectively (Figure 7(a)). By contrast, in
Lck-cre transgenic mice the relative abundance of each of these subsets was significantly
lower than that in non-transgenic mice; 13.7% of splenocytes were CD4* T cells and 5.4%
were CD8* T cells (Figure 7(b); p<0.05). In addition to impacting the abundance of CD4*
and CD8* splenic T cells, the Lck-cre transgene also appeared to promote apoptosis in both
subsets. In non-transgenic mice, 18.5% of CD4* T cells and 16.6% of CD8" T cells
appeared to be apoptotic (Figure 7(c)). By contrast, in Lck-cre transgenic mice,
approximately 31.38% of CD4* T cells and 34.4% of CD8* T cells were apoptotic (Figure
7(c)). In both subsets of splenic T cells, the proportion of apoptotic cells in the transgenic
mice differed significantly from that in the transgenic mice (p<0.005).

We also evaluated the effect of the Lck-cre transgene on activated T cells, Tregs, and iINKT
cells, three specific splenic T cell subsets whose relative abundance is known to impact
lupus pathogenesis. Once again, for these analyses, T cells were evaluated from 3 month old
female mice and from 5 month old male mice. Consistent with the accelerated development
of autoantibodies and lupus nephritis in the Lck-cre transgenic (NZB x NZW)F1 mice, the
spleens of young transgenic mice contained significantly more activated T cells; In young
non-transgenic mice, 0.52% of CD4* splenocytes were also CD69" whereas in aged
matched Lck-cre transgenic mice, 6.23% of CD4" splenocytes were also CD69* (Figure
7(d); p=0.033). This increase in activated splenic CD4* T helper cells in the Lck-cre
transgenic mice is particularly striking given the fact that the transgene decreased the
relative proportion of splenic CD4* T cells overall. In non-transgenic males, the relative
abundance of splenic T regulatory cells was 0.81%, which was significantly greater than the
0.19% seen in Lck-cre transgenic males (Figure 7(d); p=0.002). However, there was no
significant difference in the relative abundance of splenic T regulatory cells in Lck-cre
transgenic females compared to non-transgenic females (0.36% vs. 0.49%; Figure 7(d);
p=0.134). Thus, the Lck-cre transgene was not associated with a consistent alteration in T
regulatory cell populations. Finally, there was no significant difference in the relative
abundance of splenic iNKT cells in non-transgenic males as compared to Lck-cre transgenic
males (1.0% vs 2.0%) or in non-transgenic females as compared to Lck-cre transgenic
females (1.1% vs 1.6%; data not shown; p>0.17).

Discussion

Here we report that an Lck-cre transgene, which results in a high level of expression of cre
recombinase in the T lineage, accelerates the development of autoimmunity in lupus-prone
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(NZB x NZW)F1 mice. Lck-cre transgenic (NZB x NZW)F1 mice developed high levels of
anti-chromatin 1gG and anti-dsDNA 1gG autoantibodies at a significantly younger age than
their non-transgenic counterparts. Consistent with the observed premature development of
high levels of pathogenic anti-dSDNA 1gG, Lck-cre transgenic (NZB x NZW)F1 mice also
developed albuminuria at a younger age and had a shorter median survival time than non-
transgenic mice. At the time of sacrifice, the kidneys of all mice, irrespective of transgene
genotype, showed clear evidence of severe nephritis. Altogether, these observations
demonstrate that the Lck-cre transgene accelerated the development of lupus in (NZB x
NZW)F1 mice and that the early mortality in these mice was not the result of some other
transgene-associated pathology.

Our studies suggest that the Lck-cre transgene hastened the development of fatal lupus
nephritis in (NZB x NZW)F1 mice by accelerating the emergence of pathogenic
autoantibodies. The onset of autoimmunity, as indicated by the development of high levels
of anti-chromatin and anti-dsDNA 1gG autoantibodies, occurred about 1 month earlier in
Lck-cre transgenic females compared to non-transgenic females (4 months vs 5 months).
However, once autoimmunity develops, the rate of disease progression in Lck-cre transgenic
and non-transgenic females appears to be very similar. In both Lck-cre transgenic and non-
transgenic females, median time to development of albuminuria is ~2.5 months after high
levels of anti-dSDNA 1gG autoantibodies appear (6.5 months (26wks) of age in Lck-cre
transgenic females and 7.5 months (30 weeks) of age in non-transgenic females). Mortality
due to severe nephritis develops in Lck-cre transgenic and non-transgenic females ~7-8
weeks after the onset of albuminuria; Median survival is 8.3 months (33 weeks) in Lck-cre
transgenic females and 9.5 months (38 wks) non-transgenic females. These data suggest that
the Lck-cre transgene promotes lupus by accelerating the initial development of
autoantibodies in (NZB x NZW)F1 mice, and not by altering the relative timing of
subsequent events during lupus pathogenesis.

The Lck-Cre transgene was associated with an increase in apoptosis in T cells in (NZB x
NZW)F1 mice, and this increased apoptosis is likely the result of a significant increase in
DNA damage that is caused by cre expression.16-18 This cre toxicity is the result of cre-
mediated DNA cleavage at pseudo-loxP sites, which are found relatively abundantly
throughout the murine genome.24 The increased T cell apoptosis in Lck-cre (NZB x
NZW)F1 mice lead to a decrease in the relative abundance of certain T cell subsets.
Increased apoptosis was observed in CD4* and CD8* T cells in both the thymus and the
spleen of Lck-cre transgenic (NZB x NZW)F1 mice. Importantly, these increases in T cell
apoptosis in Lck-cre transgenic (NZB x NZW)F1 mice were detectable in females as early
as 3 months of age, which is well before the development of high levels of pathogenic
autoantibodies and onset of albuminuria. The relative timing of these events in Lck-cre
transgenic (NZB x NZW)F1 mice indicates that the enhanced T cell apoptosis could not
simply be a consequence of the development of autoimmunity in these mice. Rather, our
observations raise the possibility that the increase in T cell apoptosis in young Lck-cre
transgenic (NZB x NZW)F1 mice could be the cause of the accelerated autoimmunity in
these mice.
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Enhanced apoptosis in CD4* and CD8* T cells in the thymus of Lck-cre transgenic (NZB x
NZW)F1 mice did not seem to result in any change in the relative abundance of these
subsets within the thymus. By contrast, in the spleens of Lck-cre transgenic (NZB x
NZW)F1 mice, we observed a significant increase in apoptosis in CD4* and CD8* T cells as
well as a significant decrease in the relative proportion of these T cell subsets. Despite the
overall decrease in splenic CD4* T cells in Lck-cre transgenic (NZB x NZW)F1 mice, the
relative proportion of activated CD4* helper T cells in these mice was significantly greater
than that in age matched non-transgenic(NZB x NZW)F1 mice. This early increase in
abundance of activated CD4+T helper cells is consistent with the accelerated development
of autoantibodies and lupus in Lck-cre transgenic (NZB x NZW)F1 mice. Importantly, no
consistent reductions in the relative proportion of T regulatory or iNKT cells were seen in
Lck-cre transgenic (NZB x NZW)F1 mice. These data indicate that the accelerated
autoimmunity in Lck-cre transgenic (NZB x NZW)F1 mice was not due to a decrease in the
relative abundance of suppressive T cells. However, it is possible that the Lck-cre transgene
might impair the function of these cells without altering their relative abundance.

We postulate that the accelerated development of autoimmunity in Lck-cre transgenic (NZB
x NZW)F1 mice is due to enhanced nuclear antigen load as a result of cre-induced T cell
apoptosis. Lupus-prone (NZB x NZW)F1 mice display impaired clearance of apoptotic
debris. In the context of this genetic background, enhanced apoptosis in young (NZB x
NZW)F1 mice would likely lead to the accumulation of apoptotic debris and an increase in
the nuclear antigen load, which would, in turn, promote the earlier development of anti-
chromatin and anti-dsSDNA 1gG autoantibodies and thereby accelerate the development of
lupus. This interpretation is consistent not only with the fact that Lck-cre transgenic (NZB x
NZW)F1 mice developed autoantibodies at a younger age than their non-transgenic
counterparts, but also with the observation that the enhanced T cell apoptosis in Lck-cre
transgenic mice was detectable at least one month before high levels of anti-chromatin and
anti-dsDNA IgG autoantibodies in the Lck-cre transgenic mice. Furthermore, the
observation that total serum IgG levels in the Lck-cre transgenic mice do not differ from that
in non-transgenic mice suggests that the early development of antinuclear 1gG in Lck-cre
transgenic mice is the result of a specific, antigen driven process and is not due to a generic
abnormality in class switching or production of 1gG in these mice.

It was previously reported that apoptotic B cells but not T cells could accelerate lupus in
(NZB x NZW)F1 mice. 6 However, in this study, apoptotic cells from a single mature B cell
line and a single T cell leukemia line were administered via i.p. injection. Thus, it is not
clear to what extent this previous study reflects the potential of endogenous T cells that
undergo apoptosis in vivo to accelerate lupus. It should also be noted that in this previous
study, apoptotic cells were injected either in a single bolus or over a two week interval. This
experimental design might reflect physiological scenarios in which there is a short term,
acute induction of apoptosis, but it might not accurately reflect the impact of a chronic
increase in apoptotic cell burden. In contrast to this previously published work, our study
reflects a scenario in which there is chronic exposure of the immune system to T cells that
are undergoing apoptosis in situ during lupus pathogenesis. Our results support the
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hypothesis that enhanced T cell apoptosis can accelerate the development of autoimmunity
in lupus prone (NZB x NZW)F1 mice.

In the (NZB x NZW)F1 mice, we found that the efficiency of cre-mediated deletion of ERa
was very low. In fact, the efficiency of deletion was significantly lower than what has been
reported for this Lck-cre strain in previous studies. 28 4447 One possible interpretation of
these results might be that ERa deficient T cells are at a significant disadvantage and that
these cells are outcompeted over time by cells in which the floxed allele of ERa was not
deleted. However, this interpretation is not consistent with our observation that the
efficiency of ER« deletion is also very low in ERa/V* mice, which would retain a wild type
ERcq allele even after deletion of the floxed allele. Based upon this observation, we posit that
the apparent low efficiency of cre-mediated deletion in Lck-cre transgenic (NZB x NZW)F1
mice is a reflection of the fact that most of the T cells that express cre in these mice undergo
apoptosis and are thus eliminated from the population. Thus, we hypothesize that the
majority of cells that deleted the floxed allele of ERa underwent apoptosis as a result of cre
toxicity. Although Lck-cre expression in non-autoimmune backgrounds also causes T cell
apoptosis, many cre-expressing cells in such mice survive, allowing for a high efficiency of
cre-mediated deletion in mature T cells in these strains. 28: 47 By contrast, our results suggest
that in lupus-prone (NZB x NZW)F1 mice, there is strong selective pressure against the cre
expressing T cells, ultimately resulting in a very low efficiency of cre-mediated deletion.
One explanation for this apparent decreased fitness of cre-expressing cells in lupus prone
mice might be a reduced ability to repair cre-mediated DNA damage; indeed, lymphocytes
and lymphoblastoid cell lines from lupus patients have been shown to have a reduced DNA
repair capacity.*8

One potential caveat to the interpretation of the results presented herein stems from the fact
that in our study we utilized a single Lck-cre transgenic line. Thus we cannot truly separate
the impact of the Lck-cre transgene itself from any potential impact of the transgene
insertion site. Consequently, we cannot formally exclude the possibility that the disruption
of endogenous sequences as a result of the transgene insertion is actually what is responsible
for the acceleration of autoimmunity in the (NZB x NZW)F1 mice. Although insertional
mutagenesis due to transgene integration can occur, this phenomenon seems unlikely to
explain the results observed in this study because the region of the genome containing the
transgene integration site does not contain any known lupus susceptibility alleles 38: 40,
Furthermore, we also note that the Lck-cre transgenic mice in this study are hemizygous for
the Lck-cre transgene. Thus, in order for any gene disruption caused by transgene insertion
to impact autoimmunity in these mice, this gene disruption would be required to act in a
dominant manner. Based upon these considerations, together with the fact that the Lck-cre
transgene used in this study is known to induce T cell apoptosis, and T cell apoptosis has
been associated with lupus pathogenesis, we posit that the simplest interpretation our results
is that the Lck-cre transgene itself, rather than the integration site, accelerates the
development of autoimmunity in lupus prone (NZB x NZW)F1 mice. Because both Lck-cre
transgenic and non-transgenic mice are heterozygous for the floxed allele of ER, none of
the observed differences between Lck-cre transgenic and non-transgenic mice can be
attributed to the ERa/! allele. Nevertheless, it is also worth noting that the median ages for
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the onset of albuminuria and mortality in non-transgenic (NZB x NZW)F1.ERaf/~ and
(NZB x NZW)F1.ERa™"* mice in this study are similar to what we have reported previously
regarding these parameters in ERa*/~ and ERa*’* (NZB x NZW)F1 mice 32. These
observations indicate that the floxed allele of ERa had no impact on the lupus phenotype.

Our results also clearly demonstrate the necessity of incorporating “cre-only” controls in
studies using the cre-lox system. This need is further underscored by a recent publication
that demonstrates that induced expression of cre-recombinase alone in lymphoma-bearing
p53~/~ mice caused apoptosis of lymphoma cells and resulted in complete tumor
regression.? Despite the fact that it is well established that cre recombinase can have off-
target effects, resulting in DNA damage, chromosomal aberrations, and apoptosis in the
tissue in which cre is expressed,1%-22 many studies fail to employ “cre-only” controls that
would allow one to control for any impact of the cre driver itself on the phenotype being
examined. In fact, our examination of the 35 studies published between 2008 and 2013 in
which an Lck-cre transgene was used, only 4 studies (11.4%) included cre-only
controls.59-53 Of the 31 studies that did not include a cre-only control, only 1 study
explicitly discussed the possibility that the observed phenotype could be due to the off-target
effects of cre recombinase.>* This possibility appears to have been dismissed although no
data was provided to support this conclusion. The Lck-cre strain we used has not been
shown to cause autoimmunity in other studies. However, this is likely due to the fact that
other studies using the Lck-cre strain were performed on non-autoimmune strain
backgrounds. Because these non-autoimmune strains do not have the intrinsic defect in the
clearance of apoptotic debris that is seen in lupus prone (NZB x NZW)F1 mice, their
phagocytic system must satisfactorily compensate for the increase load of apoptotic
materials. Thus, our results emphasize not only the need for cre-only controls, but the need
for such controls in the context of the same genetic background on which the studies are
being performed.
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Figure 1.
Schematics of the genomic region surrounding exon 3 of ERa are shown for the wild type

allele, floxed ERa allele, and the floxed ERa allele which has undergone cre-mediated
recombination. The arrows indicate the location of annealing of the ERaDelF and ERaDelR
primers.
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Figure2.
Marker-assisted selection produced congenic NZB Lck-cre and NZW.ERa/Vf! mice at the N6

backcross generation. Both NZB.Lck-cre (a) and NZW.ERa (b) mice were genotyped via
SNPs using the DartMouse Speed Congenic Core Facility. The genomic regions containing
the Lck-cre transgene in NZB mice and the floxed ERq allele in NZW mice are indicated by
boxes. In a subset of the N6 mice genotyped from each congenic strain, several individual
SNPs (indicated as grey boxes with black borders) on different chromosomes were called as
heterozygous (NZB/FVB or NZW/B6, respectively). However, in the N5 congenic parent
and the N4 congenic grandparent of these N6 congenic mice, these same SNPs were
genotyped as homozygous (NZB/NZB or NZW/NZW, respectively). Thus, we conclude that
the designations of these N6 congenic mice as heterozygous at these few SNPs represent
miscalls.
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The Lck-cre transgene itself accelerated the development of lupus nephritis in (NZB x
NZW)F1 mice. (a) gPCR amplification curves are shown for a representative DNA sample
from a non-transgenic (nTg) mouse carrying the floxed allele of exon 3 of ERa, an Lck-cre
transgenic (Tg) mouse carrying the floxed allele of exon 3 of ER¢, and a mouse
homozygous for a constitutive knockout of exon 3 of ERa. The calculated efficiency of cre-
mediated deletion of the floxed allele (b) in Lck-cre transgenic ERaf*and ERafV~ mice is
shown (N=4-6 mice per genotype per time point). Additionally the incidence of albuminuria
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(c) and survival (d) of Lck-cre transgenic and non-transgenic (NZB x NZW)F1 mice is
shown, along with representative histological images (e, ) of kidneys collected at the time
of sacrifice (N=30 mice per genotype per gender). Scale bars represent 50 pm.
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Lck-cre transgenic (NZB x NZW)F1 females develop high levels of autoantibodies earlier
than non-transgenic females. Production of anti-dsDNA IgG (a), anti-dsDNA IgM (b) and
anti-chromatin 1gG (c) at 4, 5, and 6 months in female (NZB x NZW)F1 experimental mice
were measured by ELISA. Total IgG and IgM (d) production at 2 months and 4 months is
also shown. N=30 mice per genotype (*, p<0.05; **, p<0.01; ***, p<0.005).
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Lck-cre transgenic (NZB x NZW)F1 males develop high levels of autoantibodies earlier
than non-transgenic males. Production of anti-dsDNA 1gG (a), anti-dsDNA IgM (b) and
anti-chromatin 1gG (c) at 6 months in male (NZB x NZW)F1 experimental mice were
measured. Total 1gG and IgM (d) production at 2 months and 4 months is also shown. N=30
mice per genotype (*, p<0.05; **, p<0.01).
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Figure®6.
Relative abundance of some T cell subsets are reduced whereas rates of apoptosis are

increased in the thymus glands of Lck-cre transgenic (NZB x NZW)F1 mice. Proportions of
DP thymocytes in non-transgenic and Lck-cre transgenic females (a and b, respectively) and
males (c and d, respectively) are displayed. Rates of apoptosis for thymic DP and SP
populations are shown (e). Population proportions for thymic CD4 and CD8 SP populations
are displayed for nontransgenic (f) and Lck-cre transgenic mice (g). N=6-12 mice per
genotype (*, p<0.05; **, p<0.01; ***, p<0.005).
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Relative abundance of some T cell subsets are altered and rates of apoptosis are increased in
the spleens of Lck-cre transgenic (NZB x NZW)F1 mice. Representative plots displaying
splenic CD4* and CD8™ populations for non-transgenic (a) and Lck-cre transgenic (b) mice
are shown. Rates of apoptosis for single positive T cells, measured by Annexin V and PI
staining, are also displayed (c). The relative abundance of activated T cells is displayed as a
percentage of total CD4™ cells, and for Tregs is displayed as the percentage of total cells (d).

N=6-12 mice per genotype (*, p<0.05; ***, p<0.005).
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Table 1

SSLP markers used in the genotyping of the NZB.Lck-cre strain?

Marker (location in cM, Mbp)  Marker (locationin cM, Mbp)  Marker (location in cM, Mbp)

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

D1Mit316 (2.46, 10.4)
D1Mit123 (17.67, 39.1)

D1Mit214 (28.97, 58.2)°

D1Mit75a (29.16, 58.7) P

D1Mit249 (30.56, 60.8)

D1Mit303 (31.79. 62.9) P

D1Mit132 (39.51, 77.1)
D1Mit440 (44.98, 88.8)

D1Mit495 (55.79, 127.6)
D1Mit47 (65.12, 152.9)
D1Mit111 (76.73, 169.0)

D1Mit155 (98.20, 194.4)

D2Mitl (2.23, 3.8)
D2Mit242 (31.72, 57.3)
D2Mit395 (59.97, 119.5)
D2Mit285 (75.41, 152.9)
D2Mit411 (80.04, 159.6)
D2Mit145 (86.75, 166.4)

D3Mit178 (14.27, 30.4)
D3Mit67 (24.50, 53.2)

D3Mit311 (40.14, 93.0)

D3Mit106 (49.08, 112.0)
D3Mit319 (56.89, 128.3)
D3Mit320 (66.75, 143.6)
D3Mit147 (74.02, 148.7)

D4Mit227 (4.43, 10.0)
D4Mit237a (22.38, ND)
D4Mit288 (31.66, 56.8)
D4Mit9 (43.34, 95.1)
D4Mit337 (61.59, 127.5)
D4Mit251 (69.05, 136.9)
D4Mit256 (86.16, 155.0)

D5Mit145 (3.37, 7.3)
D5Mit353 (21.25, 40.4)

D6Mit133 (62.18, 127.3)
D6Mit14 (77.64, 145.7)
D6MIit373 (77.70, 147.1)

D7Mit267 (17.09, 29.5)
D7Mit248 (27.8, 59.3)

D7Mit93 (44.86, 79.0)
D7Mit31 (49.01, 87.5)

D7Mit282 (63.44, 118.2)
D7Mit109 (81.84, 136.5)
D7Mit223 (88.85, 144.6)

D8Mit155 (2.14, 4.98)
D8Mit289 (16.47, 28.7)
D8MIit190 (22.16, 36.0)
D8Mitd5 (42.16, 87.3)
D8Mit215 (62.63, 115.9)

DIMIt90 (17.80, 32.5)

DIMIt129 (24.45, 43.9)
DIMit336 (35.39, 65.6)
DIMIt269 (47.15, 87.9)

DIMit347 (55.11, 103.3)
D9MIt19 (71.55, 120.4)

D10Mit80 (3.66, 11.6)
D10MIt213 (9.75, 20.4)
D10Mit3 (16.53, 29.2)
D10Mit20 (34.83, 67.0)
D10MIit95 (47.06, 92.5)
D10Mit180 (66.65, 118.2)

D11Mit71 (4.70, 6.9)
D11Mit231 (21.92, 35.7)
D11Mit5 (40.59, 67.2)
D11Mit285 (54.64, 89.9)
D11Mit336 (73.75, 110.6)

D13Mit266 (14.44, 36.9)
D13Mit13 (30.06, 56.5)
D13Mit202 (47.43, 91.5)

D13Mit106 (47.75, 92.7)
D13Mit74 (56.92, 105.9)

D14Mit126 (11.94, 21.9)

D14Mit55 (Syntenic)®
D14Mit5 (31.49, 59.7)
D14Mit68 (37.61, 72.5)

D14Mit228 (Syntenic)d
D14Mit170 (56.16, 106.3)

D15Mit13 (1.84, 3.5)
D15Mit252 (8.54, 22.6)
D15Mit123 (29.31, 37.3)
D15Mit67 (32.17, 70.2)
D15Mit70 (38.02, 81.2)
D15Mit161 (52.78, 97.0)

D16Mit131 (3.41, 7.3)

D16Mit169 (Syntenic)®
D16Mit139 (37.28, 65.7)
D16Mit52 (53.73, 92.7)

D17Mit101 (15.17, 29.3)
D17Mit180 (26.71, 51.4)
D17Mit53 (38.64, 67.2)
D17Mit93 (45.20, 73.8)
D17Mit155 (55.02, 84.5)

D18Mit68 (11.96, 21.4)
D18Mit177 (21.39, 41.0)
D18Mit91 (29.67, 55.4)
D18Mit185 (42.78, 69.0)
D18Mit48 (51.89, 76.8)
D18Mit144 (57.79, 85.5)
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Marker (location in cM, Mbp)  Marker (location in cM, Mbp)

Marker (location in cM, Mbp)

D5Mit201 (39.55, 75.1)
D5Mit24 (54.68, 112.3)
D5MIit370 (65.23, 126.8)
D5Mit143 (89.80, 151.0)

D6Mit116 (11.50, 21.2)
D6Mit268 (15.12, 34.7)
D6Mit123 (27.76, ND)
D6MIt36 (48.93, 104.5)

D12Mit182 (5.52, 10.9)
D12Mit60 (15.54, 34.8)
D12Mit54 (22.76, 53.9)
D12Mit91 (30.06, 71.7)
D12Mit158 (38.14, 82.6)
D12Mit118 (44.93, 91.5)
D12Mit101 (51.55, 102.5)
D12Nds2 (62.22, 113.9)

D19Mit68 (3.38, 3.64)

D19Mit96 (15.54, 21.8)
D19Mit46 (29.06, 32.9)
D19Mit88 (32.23, 37.3)
D19Mit90 (35.97, 42.2)
D19Mit33 (51.76, 56.2)

Abbreviations: cM, centiMorgan; Mb, Megabase pair; ND, Not determined

a, . . . . o
SSLP marker locations and oligo sequences were obtained from http://www.informatics.jax.org.

bUnderlined markers denote those used for linkage analysis of the Lck-cre transgene

Page 28

cPosition is undetermined, however additional positional data in the MGI database places this marker on chromosome 14 between 16.4 — 18.6 ctM

Position is undetermined, however additional positional data in the MGI database places this marker on chromosome 14 at approximately 46 cM

ePosition is undetermined, however additional positional data in the MMDBJ database places this marker on chromosome 16 between 32.5 — 36.5

cM
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Table 2

SSLP markers used in the genotyping of the NZW.ERdf! strain2

Marker (locationin cM, Mbp)  Marker (locationin cM, Mbp)  Marker (location in cM, Mbp)

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

D1Mit316 (2.46, 10.4)
D1Mit171 (15.40, 36.7)
D1Mit215 (39.91, 78.2)
D1Mit440 (44.98, 88.8)
D1Mit1001 (56.44, 129.0)
D1Mit159 (69.03, 159.7)
D1Mit426 (84.32, ND)
D1Mit155 (98.20, 194.4)

D2Mit66 (49.45, 84.8)
D2Mit14a (49.68, 85.9)
D2Mit480 (56.65, 109.9)
D2Mit395 (59.97, 119.5)
D2Mit148 (100.49, 178.8)

D3Mit203 (10.82, 26.9)
D3Mit167 (15.64, 32.3)
D3Mit51 (Syntenic)P
D3Mit106 (49.08, 112.0)
D3Mit320 (66.75, 143.6)
D3Mit89 (80.79, 156.8)

D4Mit227 (4.43, 10.0)
D4Mit193 (13.99, 32.2)
D4Mit17 (33.96,63.4)
D4Mit9 (43.34, 95.1)
D4Mit308 (57.66, 124.2)
D4Mit42 (82.64, 151.6)

D5Mit348 (11.97, 24.9)

D5MIit391 (24.24, 44.7)
D5Mit309 (42.22, 79.5)
D5Mit314 (53.25, 109.7)

D6Mit138 (1.81, 4.5)
D6Mit268 (15.12, 34.7)
D6Mit123 (27.76, ND)
D6Mit284 (41.11, 92.6)
D6Mit328 (52.62, 112.8)

D7Mit267 (17.09, 29.5)
D7Mit83 (32.84, 51.8)
D7Mit350 (47.43, 83.6)
D7Mit323 (54.45, 100.9)
D7Mit109 (81.84, 136.5)

D8MIit155 (2.14, 5.0)
D8Mit190 (22.16, 36.0)
D8Mit178 (34.43, 71.0)
D8Mit211 (52.00, 102.7)
D8Mit88 (61.66, 114.8)
D8Mitd9 (72.38, 124.1)

DIMit90 (17.80, 32.5)

DIMit129 (24.45, 43.9)
DIMit191 (25.52, 46.7)
DIMIt96 (27.75, 50.8)

DIMit142 (30.13, 56.3)

DOMit48 (31.63, 57.9)

DIMit208 (33.65, 62.3)
DIMIt269 (47.15, 87.9)
DIMIt355 (51.41, 98.8)
DIMIt19 (71.55, 120.4)

D10Mit166 (2.06, 3.9)
D10Mit298 (2.78, 8.8)
D10MIt152 (3.77, 12.2)
D10Mit248 (5.21, 14.2)
D10Mit106 (11.67, 24.4)
D10MIt36 (24.87, 48.7)

D10Mit20 (34.83, 67.0)
D10Mit230 (45.28, ND)
D10Mit95 (47.06, 92.5)
D10Mit233 (61.58, 114.4)

D11Mit231 (21.92,35.7)
D11Mit4 (41.87, 68.6)

D11Mit285 (54.64, 89.9)
D11Mit48 (82.96, 118.1)

D12Mit60 (15.54, 34.8)
D12Mit285 (23.46, 54.6)
D12Mit158 (38.14, 82.6)
D12Mit118 (44.93, 91.5)
D12Nds2 (62.22, 113.9)

D13Mit275 (14.50, 37.3)
D13Mit13 (30.06, 56.5)
D13Mit78 (67.21, 118.8)

D14Mit98 (7.08, 16.5)
D14Mit60 (24.60, 47.1)
D14Mit28 (34.66, 67.7)

D14Mit228 (Syntenic)d
D14Mit170 (56.16, 106.3)

D15Mit13 (1.84, 3.5)
D15Mit115 (22.92, 56.3)

D15Mit159 (41.96, 87.5)
D15Mit161 (52.78, 97.0)

D16Mit131 (3.41, 7.3)
D16Mit60 (23.27, 32.7)
D16Mit139 (37.28, 65.7)
D16Mit189 (46.83, 82.5)
D16Mit52 (53.73, 92.7)

D17Mit81 (15.80, 30.9)
D17Mit51 (19.74, ND)
D17Mit10 (Syntenic)€
D17Mit217 (35.26, 65.9)
D17Mit93 (45.20, 73.8)

D18Mit177 (21.39, 41.0)
D18Mit186 (45.63, 72.0)
D18Mit144 (57.79, 85.5)

D19Mit96 (15.54, 21.8)
D19Mit90 (35.97, 42.2)
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Marker (location in cM, Mbp)  Marker (locationin cM, Mbp) Marker (location in cM, Mbp)
D6MIt198 (Syntenic)C D19Mit103 (48.46, 53.8)

D6Mit14 (77.64, 145.7)
D6Mit374 (64.60, 134.1)

Abbreviations: cM, centiMorgan; Mb, Megabase pair; ND, Not determined
aSSLP marker locations and oligo sequences were obtained from the MGI database at http://www.informatics.jax.org.
bPosition is undetermined, however additional positional data in the MGI database places this marker on chromosome 3 between 25.1 - 26.2 cM

cPosition is undetermined, however additional positional data in the MMDBJ database places this marker on chromosome 6 between 53.75 — 67.0
cM

Position is undetermined, however additional positional data in the MGI database places this marker on chromosome 14 at approximately 46 cM

e, .o . . - . . .
Position is undetermined, however additional positional data in the MGI database places this marker on chromosome 17 at approximately 24.5 cM
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