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Introduction

Summary

Regulatory T (Treg) cell-specific deletion of a gene of interest is a proce-
dure widely used to study mechanisms controlling Treg development,
homeostasis and function. Accordingly, several transgenic mouse lines
have been generated that bear the Cre recombinase under control of the
Foxp3 promoter either as a random transgene insertion or knocked into
the endogenous Foxp3 locus, with the Foxp3"**"“ strain of mice being
one of the most widely used. In an attempt to generate Treg cells that
lacked expression of the insulin receptor (Insr), we crossed Foxp3*'*-¢"
mice with Ins”" mice. Using a conventional two-band PCR genotyping
method we found that offspring genotypes did not correspond to the
expected Mendelian ratios. We therefore developed a quantitative PCR-
based genotyping method to investigate possible ectopic recombination
outside the Treg lineage. With this method we found that ~50% of the
F;-generation mice showed evidence of ectopic recombination and that
~10% of the F,-generation mice had germline Cre recombination activity
leading to a high frequency of offspring with global Insr deletion. Use of
the quantitative PCR genotyping method enabled accurate selection of
mice without ectopic recombination and only the desired Treg cell-specific
Insr deletion. Our data highlight the need to use genotyping methods that
allow for assessment of possible ectopic recombination driven by the Fox-
p3YFPC allele, particularly when studying genes that are systemically
expressed.

Keywords: Cre recombination; Foxp3; mouse; regulatory T cells.

of which are commercially available. For most researchers
today, generating conditional gene knockout mice simply

Generation of conditional gene knockout animals using
Cre-lox technology is a powerful tool for studying gene
function in specific tissues and cell types. This technology
exploits the ability of the Cre recombinase, initially dis-
covered in bacteriophage P1, to recombine segments of
DNA flanked by a pair of palindromic 34-base-pair DNA
sequences called loxP sites.' If Cre expression is under the
control of tissue- and/or cell-lineage-specific promoters
and enhancers, then recombination-mediated deletion of
the loxP-flanked sequence can be limited to specific tis-
sues or cell types.” A multitude of different strains of
mice encoding tissue/cell-type-specific Cre transgenes or
loxP-flanked (floxed) alleles have been generated, many

requires purchasing and breeding the desired Cre and
floxed mice.

Although Cre-lox technology is a powerful way to
investigate gene function, precautions must be taken dur-
ing breeding and genotyping to detect and avoid com-
mon pitfalls, such as Cre toxicity and ectopic Cre
expression.”® For example, Cre expression can cause
DNA damage even in the absence of loxP sites;” this may
be because mammalian genomes contain pseudo-loxP
sites at the frequency of 1.2 sites per 1 megabase.>” Apart
from this inherent Cre recombinase toxicity, introduction
of Cre as a transgene may change the expression of proxi-
mal genes;” this problem can be avoided if Cre is directly

Abbreviations: Insr, insulin receptor; Tconv, conventional T cells; Treg, regulatory T cells
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knocked into a specific locus in a way that minimizes dis-
ruption of gene expression. Additionally, ectopic Cre
expression and recombination are frequently described,
and in extreme cases can entail germline deletion.®*™'
Therefore, it is important to employ thorough genotyping
methods during breeding and include the relevant details
in publications.®

FOXP3" regulatory T (Treg) cells are essential for
immune tolerance and homeostasis, leading to interest in
studying the mechanisms controlling their development
and function. Mice expressing Cre under control of the
Foxp3 promoter are widely used to generate Treg-specific
gene knockouts. Currently, three strains of C57BL/6 mice
expressing Cre under control of a Foxp3 promoter are
commercially available: (i) Foxp3-EGFP-hCre mice with
an EGFP-hCre fusion protein driven by a transgenic Fox-
p3 promoter;'® (ii) Foxp3"™“ mice, which encode a
YFP-Cre fusion protein knocked-in at the endogenous
Foxp3 locus;"* and (iii) Foxp3f“™ e ERT2 mice encoding
a form of Cre that is only active in the presence of
tamoxifen.'” Of all of these strains, the Foxp3"™ " mice
are the most widely used with hundreds of publications
on PubMed.

Here we present a cautionary case report showing that
Foxp3"™¢" mice have the potential to exhibit sponta-
neous ectopic recombination in both somatic and germ
tissues. These findings underscore the importance of test-
ing for ectopic recombination events when using Fox-
p3""C* mice and highlight the need for more thorough
reporting of data validating the fidelity of Treg-specific
recombination when using this strategy.

Materials and methods

Animals

All animal protocols were approved by the University of
British Columbia Animal Care Committee. Foxp3"" <
mice (Jackson Laboratory, Bar Harbor, ME; B6.129(Cg)-
Foxp3tm4(YFp/Cre)Ayr/]; 016959) and Ins™ mice (Jackson
Laboratory, 006955) were purchased and crossed with the
intention of generating progeny with a Treg-specific dele-
tion of Insr.

Tissue harvest and DNA extraction

At the time of weaning, at 3 weeks of age, ear tissue was
notched and processed with the KAPA Express Extract
Kit (Sigma-Aldrich, St Louis, MO; KK7101) according to
the manufacturer’s instructions. Briefly, it was enzymati-
cally digested at 75° for 10 min and denatured at 95° for
5 min; the resultant tissue lysate was diluted 10-fold with
10 mm Tris—HCI (pH 8.0-8.5) and stored at —20° before
genotyping. To assess the relative degree of ectopic
recombination in metabolic tissues, mice were killed and
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immediately perfused with phosphate-buffered saline. Ear,
brain, heart, visceral adipose tissue, liver and quadricep
muscles were collected and homogenized in gentleMACS
M tubes using the gentleMACS Dissociator (Miltenyi Bio-
tec, Bergisch Gladbach, Germany), then processed with
the KAPA Express Extract Kit.

Fluorescence-activated cell sorting

To purify immune cells, spleens were minced through a
100-pum cell strainer, then incubated with 1 ml red blood
cell lysis buffer (0.8% NH,CI, StemCell Technologies,
Vancouver, BC, Canada). Cells were washed and stained
using the antibodies listed in the Supplementary material
(Appendix S1). To quantify ectopic recombination in
major immune cell types, B cells (CD19" CD37), myeloid
cells (CD19™ CD3™ NKI1.17), NK cells
(CD19” CD3™ NK1.1Y), CD8" T cells (CD3" CD8"),
conventional T (Tconv) cells (CD3" CD4" Foxp3-YFP ),
and Tregs (CD3" CD4" Foxp3-YFP") were sorted, then
lyzed with the KAPA Express Extract Kit and diluted 10-
fold for genotyping.

PCR-based genotyping

Polymerase chain reaction (PCR) was performed on tis-
sue and cell lysates containing genomic DNA (gDNA)
using the KAPA2G Fast HotStart Genotyping Mix
(Sigma-Aldrich, KK5621) according to the manufacturer’s
cycling protocol. Primers are listed in the Supplementary
material (Appendix S1). PCR products were resolved on a
2% agarose gel containing SYBR Safe (ThermoFisher Sci-
entific, Waltham, MA) and imaged using a UV gel docu-
mentation system.

Quantitative PCR

To assess the relative quantity of each allele in a gDNA
sample, three sets of primers, each amplifying only one
of the possible alleles, were used (see Supplementary
material, Appendix S1). Quantitative PCR (qPCR) was
performed with PerfeCTa SYBR Green FastMix (Quan-
taBio, Beverley, MA; 95074) on a ViiA 7 Real-Time
PCR System (ThermoFisher Scientific). Ccr5 and I110rb
were used as gDNA housekeeping genes. Data were
normalized to ear tissue lysates from Foxp3'"™" "
mice, Ins™ mice, and Foxp3YFP'CreInert/er mice
(where wt denotes wild-type and rcb denotes the allele
created by Cre-mediated recombination). To quantify
Insr mRNA expression, total RNA was isolated from
flow-sorted immune cells using the OMEGA E.Z.N.A
Total RNA Kit (Omega Bio-Tek, Norcross, GA;
R6834), reverse-transcribed with qScript cDNA Super-
Mix (QuantaBio, 95048), and qPCR was performed as
described above.

© 2019 John Wiley & Sons Ltd, Immunology, 159, 231-241



Results

Unexpected offspring genotype ratios during the
breeding of Foxp3*™* " to Insr™ mice

We previously found evidence suggesting that the Insr
may have a Treg-intrinsic function,'® and aimed to test
the hypothesis that Treg cell function would be altered in
the absence of Insr signaling. In a pilot cohort, we
intended to compare Treg cells from Foxp3"™"<"[ns™"
mice (experimental) and Foxp3YFP “Crens?”™ littermates
(control). To generate these mice, we purchased female
Foxp3"™ ¢ mice'* and male Ins" mice'” from the
Jackson Laboratory and bred them according to the
scheme shown in Fig. 1(a). As Foxp3 is located on the X
chromosome, female mice require homozygous Cre
expression to achieve recombination in 100% of their
Treg cells. Therefore, the ultimate desired experimental
genotypes were hemizygous Foxp3"™""“*” males and
homozygous Foxp3"™ < YFP-Cre females. According to
our breeding scheme, all mice of generation F, and
beyond were predicted to carry the Foxp3"™* " allele on
all their X chromosomes (Fig. la).

To determine the genotype at the Insr locus, PCR was
performed with ear-notch tissue lysate using a recom-
mended set of genotyping primers.'” As shown in
Fig. 1(b), these primers flank the loxP site located 3’ to
Insr exon 4, such that a floxed Insr allele yields a larger
PCR product than the wild-type allele (full annotated
sequence shown in the Supplementary material,
Appendix S1). Mice with both PCR products were consid-
ered heterozygous Ins?”", whereas mice with only a smal-
ler or a larger PCR product were considered homozygous
Ins™”™" or Ins™", respectively (Fig. 1b, bottom).

While tracking genotypes through the generations of
breeding we observed unexpected genotype ratios in our
F,-generation mice, which are the offspring of F;-genera-
tion Foxp3"™""“Ins/™"" and Foxp3"™ “"Ins™" mice. We
anticipated 50% homozygous Ins”” mice and 50%
heterozygous Ins?”™ mice in F, (Fig. 1c, left); instead,
48% were Ins?™, 29% were Ins?™', and 23% appeared
to be Insr”*" (Fig. 1c, right; n = 62), which would have
been an impossibility had the genotyping of the of the F;
parents been correct (Fig. la, dashed line). These results
were verified by genotyping of repeat samples of ear-
notch tissue lysates from F; parents and F, offspring
(data not shown), and Sanger sequencing was used to
confirm that the unexpected PCR product was indeed the
279-bp sequence of the Insr™" allele.

The conventional two-band PCR strategy does not
identify mice with germline-recombined alleles

The conventional two-band PCR strategy failed to detect
one possible genotype, i.e. the recombined allele, which

© 2019 John Wiley & Sons Ltd, Immunology, 159, 231-241

Cautionary findings with the Foxp3-YFP-Cre mouse

would yield no PCR product with these primers because
the forward primer targeted sequence between the two
loxP sites, which would be excised after Cre-lox recombi-
nation (Fig. 2a). Therefore, using the conventional geno-
typing protocol and ear-notch lysates, mice with a global
Ins?”™" genotype (where rcb denotes the allele created by
Cre-mediated recombination) would appear the same as
Ins?" mice, with a single 319-bp PCR product from only
the floxed allele. Similarly, globally heterozygous Insr"""®
mice would appear the same as homozygous Insr""*"

Taking this possible misleading genotyping result into
consideration, it was possible that Foxp3"™ “™Ins/"® mice
instead of Foxp3"™ “"Insy’™" mice were mistakenly used as
parents in the F; cross. Indeed, an Fs cross of Foxp3"™"
CIns”™ with Foxp3™™" “Ins?”"® would produce F,-gen-
eration PCR product ratios consistent with the observed
ratios with an equal distribution of Ins?™, Ins?"™, Ins/*
and Ins™"™ genotypes (all with Foxp3"™"“") (Fig. 2b,
left). Using the conventional two-band PCR ear-notch
lysate strategy, the Ins”™" and Ins?”™" alleles would appear
the same and account for up to 50% of offspring; and
#1b and appear the same as

mice.

25% of mice would be Insr
Ins”"" mice; these ratios are in line with our actual F,
genotype ratios (Fig. 2b, right). Taken together, this hypo-
thetical F3 cross could have explained the unexpected F,
genotype ratios as well as the appearance of mice with
Insr" alleles, and suggested that both Ins#”"® and Insr"""?

genotypes may be present in our breeding cohort.

Ectopic germline recombination confirmed with a
three-band PCR strategy

To more accurately genotype our mice, we designed new
PCR primers so that all three Insr alleles (wild-type,
floxed and recombined) could be distinguished. These
primers flanked both loxP sites surrounding exon 4 such
that each allele yielded a PCR product of a different size:
wild-type (1983 bp), floxed (2150 bp), and recombined
(209 bp; Fig. 3a; and see Supplementary material,
Appendix S1). To validate the primer design, PCR was
performed with the cell lysates of Foxp3-Cre-YFP™ Tconv
cells and Foxp3-Cre-YFP' Treg cells, which were sorted
from spleens of what we had previously presumed to be
Foxp3"™ < Insr™!, Foxp3"™Ins/"""  or  Foxp3"™"
“Ins?" mice (Fig. 3b). In Treg cells, expected PCR
products were observed in all three genotypes, validating
the three-band PCR strategy. However, in Tconv cells
from Foxp3"™" “Ins”™" mice, there was a 209-bp PCR
product from the recombined allele in addition to the
2150-bp product from the floxed allele. The presence of
the recombined allele in Tconv cells could have been due
to: (i) contamination of the Tconv population with Treg
cells; (ii) ‘ex-Treg cells, which are Foxp3™ cells that pre-
viously expressed Foxp3;'® and/or (iii) ectopic recombina-
tion activity of the YFP-Cre.
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Figure 1. Unexpected offspring genotype ratio during the breeding of Foxp3'™“" to Insr
g p pring genotyp g g 2

MM mice. (a) Breeding scheme to generate Foxp3'™"

CeIns™" mice and Foxp3"™"CIns/”™" littermate controls, with expected genotype ratios. Circles represent females, squares represent males, and

diamonds represent mice of either sex; shading indicates the expected number of Ins”" alleles. The dashed line indicates progeny in the F,-genera-

tion with an unexpected genotype. (b) Depiction of the conventional two-band genotyping PCR strategy, in which primers flanking the loxP site

that is 3’ of Insr exon 4 amplify different PCR products depending on the presence of a floxed or a wild-type allele (top). Representative PCR

products are resolved on a 2% agarose gel, with each lane representing one mouse (bottom). (c) Punnett square showing the expected F4-genera-

tion genotype ratio from Foxp3'™"Ins" mice and Foxp3"™ “"Insy//*" parents (left). Table compares expected and actual F; offspring ratios

(right). n = 62 in the F, generation.

PCR of ear-notch tissue lysates of F,-generation mice
yielded the 209-bp recombined product in nearly all sam-
ples assayed, confirmed by Sanger sequencing (data not
shown). This suggests that even Foxp3"™"“Ins/™" or Fox-
P3P s mice without a predicted germline-recom-
bined Insr' allele exhibit frequent ectopic recombination
in their ear tissues.

Having validated that the three-band PCR genotyping
approach could distinguish Insr” and Insr*”*" geno-
types, we re-genotyped the F;-generation mice, identified
putative Foxp3"™“Insr""* mice, and performed a test
cross among themselves to ask if there was vertical trans-
mission of the Ins’’ allele (Fig. 3¢, left). As complete
knockout of the Insr leads to postnatal diabetes and
death," no homozygous Foxp3"™ “Insy"®"" mice would

survive. Consistent with the predicted frequencies, the test
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cross produced 29% of Foxp3"™ ““Insr*"*" and 71% of
Foxp3"™ " Insr*”™* mice (Fig. 3c, right; n = 21). This
result confirms the presence of Foxp3™™" “Insr*""" mice
in the F, generation, supports the hypothetical F; cross in
Fig. 2(b), and demonstrates that ectopic germline recom-
bination occurred before the F, generation.

A quantitative PCR strategy quantifies the extent of
ectopic recombination in genomic DNA

In order to determine the extent of ectopic recombination
within each animal, we turned to a qPCR-based method.
We designed three pairs of primers, each amplifying only
a single allele: wild-type, floxed or recombined (Fig. 4a).
Primers A and B amplify only the wild-type allele,
because the primer A binding site is disrupted by the

© 2019 John Wiley & Sons Ltd, Immunology, 159, 231-241
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hypothetical and actual F, genotype ratios (right). n = 62 in the F, generation.

5 loxP site; primers C and D amplify only the floxed
allele; and primers E and F amplify only the recombined
allele, as the potential PCR product from a floxed allele
would be too large to form a product within the time-
frame of qPCR (Fig. 4a). Note that all primers targeted
introns, so only genomic DNA and not mRNA was
amplified. For reference genes, we chose wild-type Ccr5
and I110rb, which should be homozygous in all mice.

By using Foxp3"™""C Ins™" and Foxp3'™ “Insr"r
mice as the normalizing controls for Insr, Ins’" and
Insr"™® alleles, respectively, we were able to estimate the
relative abundance of the three Insr alleles within each
animal (Fig. 4b). With this qPCR method, we genotyped
all F,-generation mice, and were not only able to distin-
guish Ins?™" from Ins””"" mice, but were also able to
quantify the relative amount of ectopic recombination
(2%—40% of total gDNA) in the ear-tissue gDNA of Fox-
3P mice (data not shown), enabling us to
select mice with minimal ectopic recombination for fur-
ther breeding and experimentation.

© 2019 John Wiley & Sons Ltd, Immunology, 159, 231-241

Quantification of ectopic recombination across
metabolic tissues and immune cell types

We found that there were varying degrees of ectopic
recombination in the ear-tissue gDNA of Foxp3" ™ “"ns/"
7 mice. As we intended to use these mice to study the role
of Treg cells in the context of metabolism, we also asked
whether ectopic recombination was present in immune cell
types and/or key metabolic tissues, namely the brain, fat,
liver and muscle. We selected four F,-generation mice with
the least (< 5%) ectopic recombination in their ear tissue
and subjected them to whole-animal perfusion with phos-
phate-buffered saline to eliminate possible contamination
with circulating Treg cells, then extracted DNA from brain,
visceral adipose tissue, liver and skeletal muscle. Using the
qPCR method, we observed a small amount of ectopic
recombination (2%-5% of total gDNA) in all tissues exam-
ined in Foxp3"™ “"Ins”™" mice (Fig. 5a), which might be
at least partially attributable to tissue-resident Treg cells
that were not removed by perfusion.
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Figure 3. A three-band PCR strategy confirms the presence of mice with ectopic germline recombination. (a) Schematic diagram depicting the

expected PCR products from primers flanking both loxP sites. (b) Foxp3-YFP-Cre  conventional T (Tconv) cells and Foxp3-YFP-Cre" regulatory
T (Treg) cells were sorted from the spleens of Foxp3*™“" mice, Foxp3"™“"Ins™" mice, and Foxp3*™“"Inst™" mice. PCR was performed with

cell lysates, and PCR products were resolved on a 1% agarose gel. Each lane represents one mouse. (c) Punnett square showing the expected off-

spring genotype ratio of a test cross of Foxp3'™" CIns"re

parents (left). Table compares expected and actual test-cross offspring ratios (right).

(b) Data from two independent experiments. (c¢) n = 21 in the F5 generation.

We also examined the extent of ectopic recombination
in several immune cell types sorted from the spleens of
Foxp3™™“Inst™" mice. All examined immune cell types
exhibited a low amount of Insr recombination, with the
greatest in myeloid cells and Tconv cells (10%—15% of
their total gDNA) (Fig. 5b). Analysis of Insr mRNA
showed a similar trend (Fig. 5¢). Collectively, these data
show that mice with < 5% ectopic recombination in their
ear tissue also exhibited limited recombination across
multiple metabolic tissues and immune cell types. There-
fore, the use of more precise PCR strategies is an effective
way to screen mice to identify those with the desired tis-
sue-restricted gene deletions.

Spontaneous ectopic Cre recombination occurs as
early as the first generation of breeding

Finally, to exclude the possibility that ectopic Cre recombi-
nation was the result of a problem with the original breed-
ers, we purchased new Foxp3"™ " mice and Ins”™" mice
from the Jackson Laboratory. In a second experimental

236

cohort, we intended to use Foxp3"™" ““Ins’"" (experimen-
tal) as before, and Foxp3"™ “"Insr"™" mice as controls.
We established a revised breeding scheme (Fig. 6) and
incorporated the qPCR-based method to select mice with
low ectopic recombination as breeders for the next genera-
tion. All genotype ratios and the incidence of ectopic
recombination were documented throughout all four gen-
erations (Table 1). Other than the Foxp3"™" “"*Insr™"*" off-
spring, all mice generated displayed varying degrees of
ectopic recombination (2%—65% of total gDNA). We con-
sidered mice with > 40% ectopic recombination to harbor
a germline Insr™” allele, mice with < 5% ectopic recombi-
nation to be Inst", and mice with 5%-40% ectopic recom-
bination to have a mixed population of cells with varying
proportions of cells with Ins’™® and/or Inst alleles,
denoted as Ins™". Ectopic Cre-mediated recombination
was observed as early as the F; generation, with up to half
of male heterozygous Foxp3™™" “"Inst”™" mice exhibiting
some degree of ectopic recombination in ear tissues. Spon-
taneous germline recombination first appeared in the F,
generation with the emergence of Foxp3"™" C"Insr"

© 2019 John Wiley & Sons Ltd, Immunology, 159, 231-241
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mice, despite the stringent selection of breeders (Table 1).
Moreover, the F; generation yielded a low proportion of
mice with the desired genotypes: only 5% of mice were
truly Foxp3"™ ““Ins/"", and 14% were truly Foxp3"™
“Insr*”"", instead of the predicted 25% each (Table 1).

Discussion

Here we have shown that breeding of Foxp3™™"“ mice
and Ins™" mice led to ectopic recombination of the
floxed Insr allele. Half of the immediate offspring of the
cross had severe ectopic recombination (up to 40% of
non-Treg gDNA) as identified by analysis of their ear-
notch tissues. Germline recombination occurred as early
as the F, generation, despite efforts to stringently select
animals for breeding in each generation. Collectively, our
experience with the Foxp3"™"“™ mice highlights the
importance of careful breeding and genotyping at every
generation to identify and eliminate mice with unwanted
germline and/or somatic cell recombination.

We chose to use Foxp3"™“ mice instead of transgenic
Foxp3-EGFP-hCre mice to generate a Treg cell-specific
knockout to avoid unexpected phenotypes that could
result from random transgene integration in the latter
mouse. However, unlike the transgenic Foxp3-EGFP-hCre

© 2019 John Wiley & Sons Ltd, Immunology, 159, 231-241

mouse. Each column represents one mouse; data are representative of two inde-

mice, which can be used as heterozygous animals, female
Foxp3"™"“"* mice require homozygous Cre expression to
achieve recombination in 100% of their Treg cells.
Although there is evidence that maternal inheritance of
the Cre allele can increase ectopic recombination fre-
quency,'"***! a breeding scheme in which the YFP-Cre
allele is only transmitted paternally would not allow the
generation of male offspring with the desired genotype.
Hence, in our breeding strategy, maternal transmission of
the Cre allele could have contributed to enhanced ectopic
recombination.

Another consideration relevant to the use of Cre
homozygous mice is that dose-dependent Cre toxicity has
been described in both mammalian cell lines** and mouse
models.”>** However, in the case of X-linked Cre expres-
sion, toxicity in females is decreased because of X-inacti-
vation.® As previously reported,’* and consistent with
our observation, the proportion of splenic Treg cells in
female Foxp3"™"Cr/YFP-Cre mice is similar to that in wild-
type mice, suggesting that the knock-in of YFP-Cre does
not affect Treg cell development. It is possible that tran-
sient YFP-Cre expression in homozygous female gametes
and/or in early embryos before X-inactivation, could
favor ectopic Cre recombination. However, our data sug-
gest otherwise because across all generations, genotype
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Figure 6. A second cohort reveals spontaneous ectopic Cre-mediated
recombination as early as the first generation of breeding. Breeding
scheme to generate a second cohort of Foxp3"™"“"Ins/™" mice (ex-

perimental) and Foxp3"™" “"[ns/"*"

mice (control). Circles repre-
sent females, squares represent males, and diamonds represent mice
of either sex; shading indicates the number of Inst” alleles. The
expected genotype ratios, assuming no ectopic recombination, are

shown. Experimental outcomes are shown in Table 1.

ratios with recombined Insr alleles were not different
between males and females.

Quantitative PCR on ear-tissue lysates revealed that,
other than the offspring Foxp3"™ “"*Insr*""" mice, all mice
generated in the second experimental cohort displayed vary-
ing degrees of ectopic recombination, ranging from 2% to
65% of total gDNA. Therefore, a qPCR genotyping strategy
is superior to the conventional PCR genotyping methods,
allowing more accurate selection of mice with low ectopic
recombination. We elected to only use mice with < 5%
ectopic recombination for further experimentation (manu-
script in preparation). Mice with > 40% ectopic recombina-
tion likely inherited the recombined allele (i.e. the
recombination took place in the parents) whereas mice with
5%—40% ectopic recombination likely resulted from

© 2019 John Wiley & Sons Ltd, Immunology, 159, 231-241
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transient Cre expression during embryonic development.
We did not find any mice with a Foxp3"*" <" Ins/"¥"" geno-
type (i.e. > 65% ectopic recombination); such mice likely
could not survive because of insufficient amounts of Insr.

A major question is how often ectopic Cre-mediated
recombination occurs when using Foxp3'™*"“ mice to
generate Treg cell-specific knockouts. In the original report
of the Foxp3"™"“"* mice, crosses between Foxp3"™"“ and
Rosa26/5°PYFP - reporter mice showed varying degrees
(2%-10%) of ectopic recombination in a number of
immune cell types, including B cells, T cells, myeloid cells,
and bone marrow precursor cells; although it was not clear
whether the Cre was inherited paternally or maternally and
data from non-immune cells were not reported.'* More
recently, a comprehensive study characterized offspring
from Foxp3"™¢" mice crossed to Rosa26/Stor-tdTomato
reporter mice, found stochastic activity of the Foxp3 pro-
moter and widespread expression of tdTomato in immune
and non-immune tissues.”” In line with our findings, this
study found evidence of ectopic recombination during fetal
development and vertical transmission of recombined alle-
les from Cre-positive parents to Cre-negative offspring.”’”
Moreover, in the progeny of Foxp3"™ <" and Cd28""
mice, ~30% of Tconv cells were found to be CD28-defi-
cient.”® In the same study, the authors noted unpublished
data in which Foxp3"™""Bcl6™" mice also exhibited ecto-
pic recombination.”® Hence, evidence for ectopic recombi-
nation with Foxp3"™"“° mice is not limited to our
observations with the Insr allele.

It is likely that the degree of Cre-mediated ectopic
recombination depends on the DNA accessibility of the
floxed allele. Indeed it is known that a given Cre-express-
ing mouse can have different recombination efficiencies
for different floxed genes in different cell types. For exam-
ple, transgenic CD19-Cre mediates efficient recombination
of Rosa26™S"PTYEP in mature B cells but very little
recombination in B-cell progenitors.”” However, the same
CD19-Cre achieves complete recombination of floxed
Mecll or Myb genes in B-cell progenitors.”””" The Insr is
ubiquitously expressed at all stages of development, mean-
ing that it is likely a highly accessible locus that is more
susceptible to transient/low levels of Cre expression.

Overall, this case report of Cre expression outside the
expected cell type highlights that a great degree of caution
must be used when using Foxp3"™" " mice, or indeed
any Cre-based system, to generate tissue-specific dele-
tions. Had we failed to notice the non-Mendelian geno-
type ratios in the F; generation we would have proceeded
to carry out experiments with incorrectly genotyped mice.
As most studies using Foxp3"™*"“" mice do not provide
detailed information on genotyping and breeding strate-
gies, or consider the possibility of Cre activity outside the
immune lineage, our findings raise the possibility that
some published experiments using Foxp3" <" mice may
have produced misleading results.
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Table 1. Genotype ratios of all mice in the second breeding cohort from Figure 6

F, Male (n = 18) Female Total (n = 18)
Foxp3YFP’érE/ Y Insr" 9 (50%) No data 9 (50%)
Foxp3YT-Crely sy fi-r 9 (50%) No data 9 (50%)

F, Male (n = 66) Female (n = 53) Total (n = 119)
Foxp3" P CrensyN 8 (12%) 8 (15%) 16 (13%)
Foxp3"t-Crepusy /it 23 (35%) 18 (34%) 41 (34%)
Foxp3 FP-Creppsy /vt 29 (44%) 21 (40%) 50 (42%)
Foxp3"™-Crepsy/reb 6 (9%) 6 (11%) 12 (10%)

Fs Male (n = 81) Female (n = 86) Total (n = 167)
Foxp3¥™-Creps"f 4 (5%) 4 (5%) 8 (5%)
Foxp3 TP Cres /i 5 (6%) 12 (14%) 17 (10%)
Foxp3YT-Creps /e 11 (14%) 4 (5%) 15 (8%)
Foxp3¥™-Crepsy 4 (5%) 7 (8%) 11 (7%)
Foxp3 TP Crepsy/ir 34 (42%) 39 (45%) 73 (43%)
Foxp3"FF-Crepsy v 11 (14%) 11 (13%) 22 (13%)
Foxp3¥™-Crepsy/reb 12 (15%) 9 (10%) 21 (12%)

F, (knockout) Male (n = 88) Female (n = 75) Total (n = 163)
Foxp3"TF-Cres"N 43 (49%) 36 (48%) 79 (48%)
Foxp3 TP Cres /i 45 (51%) 39 (52%) 84 (52%)

Using a qPCR genotyping strategy, mice with > 40% ear tissue gDNA containing ectopic recombination were considered to have a Insr’

b allele;

ectopic recombination within 5-40% of ear tissue gDNA was denoted as Ins”™"; and < 5% ectopic recombination was considered normal (Insr”)

Our data also show that PCR-based methods can be
easily adapted to avoid this problem by monitoring target
gene recombination across multiple cell and tissue types.
During breeding, one should employ PCR primers to
detect the recombined allele, in addition to the traditional
detection of the floxed and wild-type alleles. Moreover, in
at least a subset of experimental animals, (qQ)PCR should
be performed with the gDNA from a series of cell types
and tissues unrelated to the Cre-driver, to rule out the
possibility of non-tissue/cell type-specific deletion. With
this more rigorous genotyping method, mice with the
desired genotypes can be successfully identified and used
to study the biology of Treg cells.
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