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SUMMARY
CD4+ T cells share common developmental pathways with CD8+ T cells, and upon maturation, CD4+ T con-
ventional T (Tconv) cells lack phenotypic markers that distinguish these cells from FoxP3+ T regulatory cells.
We developed a tamoxifen-inducible ThPOKCreERT2.hCD2 line with Frt sites inserted on either side of the
CreERT2-hCD2 cassette, and a Foxp3Ametrine-FlpO strain, expressing Ametrine and FlpO in Foxp3+ cells.
Breeding these mice resulted in a CD4conviCreERT2-hCD2 line that allows for the specific manipulation of a
gene in CD4+ Tconv cells. As FlpO removes the CreERT2-hCD2 cassette, CD4+ Treg cells are spared from
Cre activity, which we refer to as allele conditioning. Comparison with an E8IiCreERT2.GFP mouse that enables
inducible targeting of CD8+ T cells, and deletion of two inhibitory receptors, PD-1 and LAG-3, in a melanoma
model, support the fidelity of these lines. These engineeredmouse strains present a resource for the temporal
manipulation of genes in CD4+ T cells and CD4+ Tconv cells.
INTRODUCTION

Early T cell development in the thymus begins from a common

progenitor referred to as the double-negative (DN) stage, fol-

lowed by the acquisition of expression of the co-receptors

CD4 and CD8 to become double-positive (DP) cells and finally

differentiation into mature CD4+ and CD8+ T cell lineages. This

process is tightly regulated by the expression of defined tran-

scription factors and tuned by differences in T cell receptor

(TCR) signal strength (Taniuchi, 2018). During thymic selection,

the TCR interacts with self-peptide-MHC and concomitant inter-

actions with the relevant co-receptors result in CD4 and CD8

providing cytosolic recruitment of the tyrosine kinase (Lck) to

the TCR signaling complex. CD4 binds to Lck with higher affinity

than CD8, promoting CD4 single-positive (SP) lineage commit-

ment (Hernández-Hoyos et al., 2000). Commitment to the

CD4+ T cell lineage requires the zinc finger transcription factor

ThPOK, encoded by Zbtb7b, which represses genes that pro-

mote the CD8+ T cell lineage (Wang et al., 2008). During thymo-

cytematuration, ThPOK is expressed after positive selection and

increases in major histocompatibility complex (MHC) class II-

selected thymocytes, resulting in direction to the CD4+CD8�
Imm
helper lineage. The Zbtb7b silencer, a cis-regulatory element, re-

presses Zbtb7b gene expression in CD4+CD8+ DP precursors

during commitment to the CD8+ T cell lineage (Mucida

et al., 2013).

Although tyrosine site-specific recombinases (SSRs) have

been used extensively to understand the role of genes in

numerous murine cell types (Becher et al., 2018; Branda and Dy-

mecki, 2004), it has been challenging to interrogate specific T cell

subpopulations due to their common lineage development path-

ways. In the CD4Cre line, Cre recombinase is under the control of

the Cd4 enhancer, promoter, and silencer, and results in Cre-

mediated targeting in all T cell populations as the recombinase

is expressed during sequential stages of T cell development

(Lee et al., 2001). The LckCre mouse, in which Cre is driven by

the distal promoter of the Lck gene that is active later in T cell

development, hasbeenuseful for the studyof genes involveddur-

ingTcell development; however,Lck-initiatedCreexpressioncan

alter the frequency and phenotype of peripheral T cells (Carow

et al., 2016; Takahama et al., 1998). An alternative approach

makes use of an effector cytokine produced by aCD4+ T conven-

tional (Tconv) cell population to drive Cre expression. For

example, in the Il17aCre mouse line, Cre expression is restricted
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Figure 1. Generation and validation of a

tamoxifen-inducible CD4+ T-cell-specific

Cre line

(A) Schematic of ThPOKCreERT2.hCD2 mouse.

(B and C) Lymphocytes were isolated from

lymph nodes (LNs) of ThPOKCreERT2.hCD2 Ro-

sa26LSL.tdTomato mice that have received 10

consecutive intraperitoneal injections of tamoxifen

(1 mg in 5% EtOH/sunflower oil). tdTomato was

assessed on TCRb+ CD4+ (red) and TCRb+ CD8+

(green) T cells.

(D) Lymphocytes were isolated from LN and spleen

of ThPOKCreERT2.hCD2 Rosa26LSL.tdTomato mice that

have received 10 consecutive intraperitoneal in-

jections of tamoxifen (1 mg in 5% EtOH/sunflower

oil) or vehicle control. tdTomato expression was

assessed on TCRb+ CD4+ hCD2+ T cells.

(E) hCD2 expression was assessed on TCRb+

CD4+ T cells from mice in (D).

(F) tdTomato expression was assessed on TCRb+

CD4+ T cells from mice in (D).

(G) Proportion of tdTomato+ cells isolated from

mice in (D) expressed on CD4+, CD8+, B220+,

CD11b+, CD11c+, and NKT cell populations.

Results represent the mean of 2 independent ex-

periments. ****p < 0.0001, by unpaired t-test.
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to interleukin-17 (IL-17)-producing T helper 17 (Th17) cells (Hirota

et al., 2011). While this tool has been useful in lineage-tracing

studies to mark the fate of Th17 cells, its utility is limited to cells

that only express a particular cytokine, in this case, IL-17.

Another approach has focused on the expression of Cre under

the control of transcription factors that mark specific T cell line-

ages. The development of thymic CD4+ T regulatory cells (Treg)

cells involves strong TCR stimulation to generate CD25-express-

ing Treg cell progenitors that convert into mature CD4+ Treg cells

via the increased expression of Foxp3 (Lio and Hsieh, 2008).

Expression of this lineage-defining transcription factor allows

this population to be extensively targeted by site-specific recom-

binationwithseveralFoxp3-drivenCremice, suchasFoxp3YFP.iCre

(Rubtsov et al., 2010) and Foxp3-Cre GFP BAC transgenic mice

(Zhou et al., 2008). Conversely, CD4+ Foxp3� Tconv cells have

been much more difficult to selectively target due to the lack of

phenotypic markers that distinguish them from CD4+ Treg cells,

except for the absence of Foxp3.

In this study, we primarily describe the generation of murine

lines that selectively allow for the temporal manipulation of genes

in CD4+ T cells andCD4+ Tconv cells, by developing a tamoxifen-

inducible ThPOKCreERT2.hCD2 line. To generate a model that spe-

cifically targets CD4+ Tconv cells, we generated two additional

mouse strains. First, we modified the ThPOKCreERT2.hCD2 line by

inserting Frt sites on either side of the CreERT2-hCD2 cassette.

Second, we generated a Foxp3Ametrine-FlpO strain, which ex-

presses Ametrine and FlpO in Foxp3+ cells. When these two

mice are bred together, this results in the generation of a CD4

conviCreERT2-hCD2 line that allows for the temporal manipulation

of a gene in CD4+ Tconv cells. As FlpO removes the CreERT2-

hCD2 cassette, this spares CD4+ Treg cells from Cre activity,

which we refer to here as allele conditioning. In addition, we

also describe an E8IiCreERT2.GFP mouse that is a tamoxifen-induc-

ible CD8+ T-cell-specific CreERT2 line that we generated to
2210 Immunity 54, 2209–2217, October 12, 2021
compare and contrast T cell subset specificity and accuracy of

Cre activity with a non-allele-conditioned line. Finally, we demon-

strate the unique fidelity of these lines through the selective and

temporal deletion of two inhibitory receptors, programmed cell

death protein 1 (PD-1) and lymphocyte-activation gene-3 (LAG-

3), in a melanoma model.

RESULTS

ThPOKCreERT2-hCD2: A temporally controlled Cre line for
CD4+ T cells
Tools to selectively target CD4+ T cells and their subpopulations

are lacking.To restrictCreactivity toCD4+Tcells, aThPOKCre.hCD2

mouse has previously been generated by inserting the 562-bp

Zbtb7b silencer into a mini-transgene containing a minimal Cd4

enhancer/promoter locus that controls Cre and a non-signaling

human CD2 (hCD2) transgene expression (Mucida et al., 2013).

Thus, in ThPOKCre.hCD2 mice, the Zbtb7b silencer prevents Cd4

enhancer/promoter activity DP and CD8 lineage-committed cells,

resulting in the exclusive expression of Cre and hCD2 in CD4+

CD8� SP thymocytes committed to the Th cell lineage (Mucida

et al., 2013). However, CD4+ T-cell-specific CreERT2 lines,

in which recombinase activity is temporally regulated by the

estrogen receptor ligand tamoxifen, have not previously been

generated.

A tamoxifen-inducible CD4+ T-cell-specific ThPOKCreERT2.hCD2

mouse was established by using a mini-transgene construct that

was generated by replacing Cre with CreERT2 in the Thpok-Cre

construct used to generate the ThPOKCre.hCD2mouse (Figure 1A).

To validate the efficiency of the Cre, we crossed this line to a non-

fluorescentRosa26LSL reporter in which a truncated (cytoplasmic

tail-deficient) human nerve growth factor receptor (hNGFR) was

expressed on the cell surface upon Cre expression (Figure S1A).

Following tamoxifen administration, hNGFR was expressed
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selectively on CD4+ T cells but not on CD8+ T cells, with

only �25% of hCD2+ CD4+ T cells expressing hNGFR (Figures

S1B–S1F). When the ThPOKCreERT2.hCD2 line was crossed to the

Rosa26LSL.tdTomato reporter, tdTomatowas expressed selectively

onCD4+ T cells following tamoxifen administration, with�90%of

hCD2+ CD4+ T cells expressing tdTomato (Figures 1B–1F). Over-

all, tdTomato was predominantly expressed in CD4+ T cells with

minimal Cre activity shown on other cellular populations (CD8+

T cells, natural killer T [NKT] cells, B cells and CD11b+ CD11c+

myeloid cell populations) (Figure 1G).

The validity of the Rosa26LSL.hNGFR reporter was confirmed by

crossing to the CD4Cre line with Cre activity and subsequent

hNGFR expression in all abTCR T cells (Figures S1G–S1J).

Crossing the Rosa26LSL.hNGFR reporter with the CD8+ T-cell-

specific E8ICre.GFP mouse resulted in Cre and hNGFR expres-

sion in mature CD8+, but not CD4+ T cells or other cellular pop-

ulations (Figures S1K–S1N) (Seo et al., 2017). Although there

are benefits of using a non-fluorescent reporter, the discrep-

ancy between hNGFR and tdTomato expression suggests

that there may be subtle nuances of the Rosa26 reporter sys-

tem with the ThPOKCreERT2.hCD2 line. Overall, we have estab-

lished an inducible Cre mouse strain that marks and functions

only in CD4+ T cells with high fidelity when crossed with the Ro-

sa26LSL.tdTomato reporter.

CD4conv
iCreERT2-hCD2: A temporally controlled Cre line for

conventional CD4+ T cells
Subpopulations of CD4+ T cells have distinct functions, such as

CD4+ Tconv and Treg cells, with the latter distinguished by the

expression of the Foxp3 master transcription factor. This makes

CD4+ Tconv cells much more difficult to selectively target due to

the lack of expression ofmarkers that distinguish this population.

We addressed this limitation by using a unique approach

referred to as allele conditioning, in which one allele conditions

the behavior of another allele to control expression. To achieve

this, wegenerated two uniquemutantmice.Weusedanadditional

SSRsystem involving theFlpO recombinase thatmediates recom-

bination between flipase recognition target (frt) sites (Raymond

and Soriano, 2007). While the FlpO-Frt system shares a common

reaction mechanism with Cre-loxP, these only mediate recombi-

nation between their respective sites, and multiple SSRs

have been used concurrently in the same system (Grindley

et al., 2006; Plummer et al., 2015). First, we generated a

Foxp3Ametrine-FlpO mouse in which FlpO was inserted into the

ATG start codon of Foxp3 followed by a 2A peptide (Szymczak

and Vignali, 2005), Ametrine reporter, a different 2A peptide, and

then the rest of the Foxp3gene (Figure 2A) (Raymond andSoriano,

2007). The fidelity and efficiency of expression in CD4+ Treg

cells with the Foxp3Ametrine-FlpO mice were comparable to the

Foxp3YFP.iCre mice (Figures S2A and S2B). Moreover, Ametrine is

beneficial as a fluorescent reporter, as its excitation/emission

spectra are distinct from commonly used GFP/YFP and was less

sensitive to quenching by common fixation methods (Figures

S2C–S2F).

Second, we generated a ThPOKF/F.iCreERT2.hCD2 transgenic

mouse by modifying the ThPOKCreERT2.hCD2 plasmid used

above by replacing CreERT2 with iCreERT2 and inserting

two Frt sites: one upstream of the iCreERT2 and another

after the STOP codon following the non-signaling hCD2 (Fig-
ure 2B). We then crossed the ThPOKF/F.iCreERT2.hCD2 and

Foxp3Ametrine-FlpO mice to generate a combinatorial allele

conditioned line that we refer to as CD4conv
iCreERT2-hCD2

(Foxp3Ametrine-FlpO.ThPOKF/F.iCreERT2.hCD2), which restricted

iCreERT2 expression to CD4+ Foxp3� Tconv cells (Figure 2C).

As Frt sites flank the iCreERT2 cassette in this mouse, Foxp3/

Ametrine-expressing cells have the Cre removed by FlpO-

mediated SSR, whereas other CD4+ T cells (i.e., CD4+ Tconv

cells that are Foxp3/Ametrine�) retained expression of the

iCreERT2. This was demonstrated by flow cytometry as

hCD2+ CD4+ T cells were Ametrine� (Figure 2D). When

crossed to the established Rosa26LSL.tdTomato reporter,

following administration of tamoxifen, tdTomato expression

was induced on CD4+ Ametrine� cells, but not on CD4+

Ametrine+ cells, which showed that Cre activity was restricted

to CD4+ Tconv cells and not Treg cells (Figure 2E). Efficiency

of Cre activity by tdTomato expression was dose dependent,

with maximum efficiency obtained with up to 10 consecutive

intraperitoneal injections of tamoxifen (1 mg/injection) in pe-

ripheral lymphoid organs (Figures 2F–2H). Overall, tdTomato

expression occurred predominantly in the CD4+ Ametrine�

population, with minimal Cre activity shown in other cellular

populations (Figures 2I and S3A).

This analysis was also repeated when the CD4conv
iCreERT2-hCD2

mousewas crossedwith theRosa26LSL.hNGFR reporter. Similar to

our observations with the ThPOKCreERT2.hCD2 mice, when we

compared the CD4conv
iCreERT2-hCD2 mice crossed with the

Rosa26LSL.hNGFR reporter, hNGFR expression was shown in

only �40% of hCD2+ CD4+ T cells (Figures S3B–S3E). However,

specificity of the Cre was still shown to be predominantly in the

CD4+ Tconv cell compartment (Figures S3F and S3G).

To compare and contrast this CD4+ Tconv cell-restricted

CreERT2 line with a non-allele conditioning T cell subset-specific

CreERT2, we used the E8IiCreERT2.GFP line crossed to the Ro-

sa26LSL.hNGFR reporter (Figure S4A). In these mice, �95% of

CD8+ T cells expressed GFP, and upon tamoxifen treatment,

all GFP+ CD8+ T cells expressed hNGFR (Figures S4B and

S4C). Unlike the CD4conv
iCreERT2-hCD2 mouse, maximum effi-

ciency of Cre activity in peripheral lymphoid organs, as deter-

mined by hNGFR expression, was observed with as little as three

consecutive intraperitoneal injections of tamoxifen (1 mg/injec-

tion) (Figures S4D–S4F). Total hNGFR expression was restricted

to CD8+ T cells, with minimal expression on other cellular popu-

lations (Figures S4G and S4H).

High fidelity of CD4conv
iCreERT2-hCD2 expression in

thymus and non-lymphoid compartments
We next assessed the efficacy of Cre activity for the

CD4conv
iCreERT2-hCD2 mouse in tissues outside the spleen and

lymph nodes and compared this analysis to the E8IiCreERT2.GFP

line. We assessed the expression of hCD2, tdTomato, and Ame-

trine in the thymus and found that these reporters were restricted

to the CD4 SP subset, as expected (Figures 3A and 3B).

Conversely in E8IiCreERT2.GFP mice, the E8I enhancer is active in

mature CD8 SP thymocytes (Ellmeier et al., 1997; Hostert et al.,

1997), and thus GFP expression and corresponding hNGFR

expression in tamoxifen-administered E8IiCreERT2.GFP Ro-

sa26LSL.hNGFR mice were restricted to this subset and were not

seen inCD4SPorCD4/CD8DP thymocytes (FiguresS4I andS4J).
Immunity 54, 2209–2217, October 12, 2021 2211
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Figure 2. Generation and validation of a tamoxifen-inducible conventional CD4+ T-cell-specific Cre line

(A) Schematic of the Foxp3Ametrine-FlpO mouse.

(B) Schematic of the ThPOKF/F.iCreERT2.hCD2 mouse.

(C) Schematic to demonstrate concept of allele conditioning for the generation of the CD4Conv
iCreERT2-hCD2 mouse.

(D) CD4+ T cells isolated from LNs of CD4conv
iCreERT2-hCD2 (ThPOKF/F.iCreERT2.hCD2 Foxp3Ametrine-FlpO) mice show hCD2+ cells are Ametrine�.

(E) Lymphocytes were isolated from LNs of CD4conv
iCreERT2-hCD2 Rosa26LSL.tdTomato mice that received 10 consecutive intraperitoneal injections of tamoxifen

(1 mg in 5% EtOH/sunflower oil), and tdTomato expression was assessed on TCRb+ CD4+ T cells.

(F) tdTomato expression was assessed on TCRb+ CD4+ hCD2+ T cells isolated from LNs or spleens of CD4conv
iCreERT2-hCD2 Rosa26LSL.tdTomato mice receiving up

to 10 consecutive intraperitoneal injections of tamoxifen (1 mg in 5% EtOH/sunflower oil) or vehicle control.

(G) hCD2 expression was assessed on TCRb+ CD4+ T cells from mice in (F).

(H) tdTomato expression was assessed on TCRb+ CD4+ T cells from mice in (F).

(I) Proportion of tdTomato+ cells isolated from mice in (F) expressed on CD4+ Foxp3�, CD4+ Foxp3+, CD8+, B220+, CD11b+, CD11c+, and NKT cell populations.

Results represent the means of 3 independent experiments. **p < 0.01, ****p < 0.0001 by unpaired t-test.
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A population of CD4+ intraepithelial lymphocytes (IELs) shows

physiological downregulation of ThPOK expression to acquire

cytotoxicity (Reis et al., 2013). To interrogate the impact of post-

thymicsuppressionofThPOK inCD4+Tcellswithin thesmall intes-

tine and the subsequent Cre activity of the CD4conv
iCreERT2-hCD2

mouse,weassessedCreactivity inboth the IELand laminapropria

lymphocyte (LPL) compartments. As in the periphery, this allele-

conditioned mouse restricted Cre activity to CD4+ Tconv cells

and not the CD4+ Treg cell population (Figures 3C and S5A–
2212 Immunity 54, 2209–2217, October 12, 2021
S4D). In addition, the lung and liver were assessed to show Cre

expression in non-lymphoid tissues with tdTomato restricted to

CD4+ Tconv cells in tamoxifen-treated CD4conv
iCreERT2-hCD2 mice

(Figures S5E and S5F). E8I also directs expression in extrathymi-

cally derivedCD8aaandCD8absubsets of IELs in thegut (Ellmeier

et al., 1998). As a comparison, the validation of E8IiCreERT2.GFP

Rosa26LSL.hNGFR mice within the IEL and LPL compartments was

shown, with hNGFR expression restricted to the GFP+CD8+

T cell population following tamoxifen administration (Figures
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Figure 3. Validation of a tamoxifen-inducible conventional CD4+ T-cell-specific Cre line on thymocytes and in peripheral compartments
(A and B) Thymocytes were isolated from CD4conv

iCreERT2-hCD2 Rosa26LSL.tdTomato mice that received 10 consecutive intraperitoneal injections of tamoxifen (1 mg

in 5% EtOH/sunflower oil). hCD2, tdTomato (TdT), and Ametrine expression was assessed on CD4 single-positive (SP), CD8 SP, double-positive (DP), or double-

negative (DN) thymocytes.

(C) CD4Conv
iCreERT2-hCD2 Rosa26LSL.tdTomato mice received 10 consecutive intraperitoneal injections of tamoxifen (1 mg in 5% EtOH/sunflower oil) or vehicle

control. Proportion of tdTomato+ expressed on TCRb+ CD4+ T cells from intraepithelial lymphocytes (IELs), lamina propria lymphocytes (LPLs), lung, and liver.

(D and E) Sorted CD4+ hCD2+ T cells frommice in (A) were stimulated in vitrowith plate-bound anti-CD3 (1 mg/mL) and anti-CD28 (2 mg/mL) for 96 h (black). Cells

were cultured with the addition of recombinant IL-2 (100 U/mL) and recombinant TGF-b (10 ng/mL) to skew an iTreg cell population expressing Ametrine and

Foxp3 (red).

Data are represented as means ± SEMs. Results represent the means of 2 or 3 independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001, by unpaired

t-test.
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S5G–S5K). Likewise, hNGFR was also restricted to GFP+CD8+

T cells in the lung and liver in the E8IiCreERT2.GFP mice (Figures

S5L and S5M).

The gastrointestinal tract is a peripheral site that facilitates the

differentiation of peripheral regulatory T (pTreg) cells from CD4+

Tconv cells. To demonstrate that the CD4conv
iCreERT2-hCD2mouse

removed the iCreERT2 cassette upon expression of Foxp3, and

thus FlpO, we used an in vitro assay in which purified hCD2+

Ametrine� CD4+ T cells were skewed with recombinant IL-2

and transforming growth factor b (TGF-b) into induced Treg

(iTreg) cells, inducing expression of both Foxp3 and Ametrine

(Figures 3D and S5N). Upon Foxp3 induction, the iTreg cell pop-

ulation showed a decreased expression of hCD2 compared to

the non-differentiated population by FlpO-mediated removal of

the iCreERT2 cassette (Figure 3E). In the context of tamoxifen

treatment, expression of tdTomato was also shown in iTreg cells

as the fate of these cells were labeled before skewing, demon-

strating lineage tracing with Rosa26 reporters that can identify

this population. Although allele-conditioned removal of the

CreERT2-hCD2 cassette can be initiated following Treg cell in-

duction in the CD4conv
iCreERT2-hCD2 mouse, generation of a pop-

ulation of ex-Treg cells following the destabilization of Foxp3
would be a caveat to the system as the CreERT2-hCD2 cassette

would also be removed in these cells.

Efficient cell-type-restricted Cre activity in a
disease site
CD4+ T cells, previously underappreciated in the cancer immu-

notherapy field, have recently gained more interest as mediators

in the development of antitumor immunity. To further validate the

tamoxifen-inducible CD4conv
iCreERT2-hCD2 line in the context of

this disease model, we compared it with the E8IiCreERT2.GFP line

and used the B16-F10 transplantable melanoma model to

assess the efficiency of Cre activity with the Rosa26LSL.tdTomato

reporter along with two different, representative conditional al-

leles, Pdcd1L/L and Lag3L/L-yfp. While the role of PD-1 and

LAG-3 on CD8+ tumor-infiltrating T lymphocytes (TILs) is well

defined, the temporal impact of these inhibitory receptors on

CD4+ T cells, particularly CD4+ Tconv cells on antitumor immu-

nity, has not been elucidated.

In the CD4conv
iCreERT2-hCD2 line, tdTomato was expressed

selectively on CD4+ Ametrine� (Tconv) cells within the tumor,

but not on CD4+ Ametrine+ (Treg) cells, with peak expression

levels following 10 consecutive doses of tamoxifen (Figures
Immunity 54, 2209–2217, October 12, 2021 2213
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Figure 4. Validation of a tamoxifen-inducible conventional CD4+ T-cell-specific Cre line in the B16-F10 transplantable tumor model

(A) Tumor-infiltrating lymphocytes (TILs) were isolated from CD4conv
iCreERT2-hCD2 Rosa26LSLtdTomato mice that received 1.25 3 105 B16-F10 melanoma cells

intradermally and up to 10 consecutive intraperitoneal injections of tamoxifen (1mg in 5%EtOH/sunflower oil), and tdTomato expression was assessed on TCRb+

CD4+ T cells.

(B) TILs were isolated fromCD4conv
iCreERT2-hCD2Rosa26LSLtdTomato mice that received 1.253 105 B16-F10melanoma cells intradermally and up to 10 consecutive

intraperitoneal injections of tamoxifen (1mg in 5%EtOH/sunflower oil), or vehicle control, and tdTomato expression was assessed on TCRb+ CD4+ hCD2+ T cells.

(C) hCD2 expression was assessed on TCRb+ CD4+ T cells from mice in (B).

(D) tdTomato expression was assessed on TCRb+ CD4+ T cells from mice in (B).

(E and F) PD-1 and LAG-3 expression was assessed on CD4+ Ametrine� (Tconv) TILs isolated from Pdcd1L/L Lag3L/L-yfp CD4conv
iCreERT2-hCD2 mice, or wild-type

controls, that received 1.253 105 B16-F10 melanoma cells intradermally and 10 consecutive intraperitoneal injections of tamoxifen (1 mg in 5% EtOH/sunflower

oil) or vehicle control.

(G) PD-1 and LAG-3 expression was assessed on CD4+ Ametrine+ (Treg) TILs from mice in (E).

(H) PD-1 and LAG-3 expression was assessed on CD8+ TILs from mice in (E).

(I)CD4+andCD8+Tcellswere isolatedbymagneticbeadseparation fromspleenofPdcd1L/LLag3L/L-yfpCD4conv
iCreERT2-hCD2orPdcd1L/LLag3L/L-yfpFoxp3Ametrine-FlpO

wild-typemice that received 10 consecutive intraperitoneal injections of tamoxifen (1mg in 5%EtOH/sunflower oil). Cells were stimulated for 48 h with anti-CD3 and

anti-CD28 (1 mg/mL; plate bound). PD-1 and LAG-3 was assessed by flow cytometry.

(legend continued on next page)
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4A–4D). This was in contrast to the E8IiCreERT2.GFP line in which

peak expression of hNGFR was achieved specifically on GFP+

CD8+ TIL following three doses of tamoxifen (Figures S6A–

S6D). When crossed with Pdcd1L/L and Lag3L/L-yfp alleles,

PD-1 and LAG-3 expression was lost specifically on CD4+

Ametrine� Tconv cells following tamoxifen administration, corre-

sponding to hCD2 expression (Figures 4E, 4F, and S6E). While

PD-1 and LAG-3 deletion was not observed on CD4+ Ametrine+

Treg cells (Figure 4G), there was a statistically significant reduc-

tion in the expression of these inhibitory receptors on CD8+

T cells within the tumor (Figure 4H). As this could be an extrinsic

phenotype due to the loss of PD-1/LAG-3 on the CD4+ Tconv cell

subset, T cell populations were isolated from tamoxifen-treated

Pdcd1L/L Lag3L/L-yfp CD4conv
iCreERT2-hCD2 or wild-type mice and

stimulated in vitro for 48 h to assess for expression. In this assay,

PD-1 and LAG-3 deletion occurred only in the CD4+ Tconv cell

subset and not in CD4+ Treg cells or CD8+ T cells (Figure 4I).

Furthermore, the genetic deletion of Lag3 was assessed by

qPCR. The fold change between Lag3 Exon 7 (the targeted re-

gion) and Exon 3 (non-targeted region) of genomic DNA isolated

from sorted T cell populations of tamoxifen-treated Lag3L/L-yfp

CD4conv
iCreERT2-hCD2 or wild-type mice, shows that Lag3 was

genetically removed in CD4+ Tconv cells and not CD4+ Treg cells

or CD8+ T cells (Figure 4J).

Comparison with the Pdcd1L/L Lag3L/L-yfp E8IiCreERT2.GFP line

shows that there was a significant reduction in PD-1 and LAG-

3 expression on CD8+ T cells following tamoxifen, compared

with vehicle controls (Figures S6F and S6G). However, there

was also a significant reduction in these inhibitory receptors on

CD4+ T cells (Figure S6H). Genetic analysis of Lag3 deletion

from sorted T cell populations of tamoxifen-treated Lag3L/L-yfp

E8IiCreERT2.GFP or wild-type mice versus vehicle control showed

that Lag3 was genetically removed in CD8+ T cells and not

CD4+ T cells following tamoxifen administration (Figures S6I

and S6J). This suggests that there may be an extrinsic

effect as a result of deleting PD-1 and LAG-3 on CD4+ T cells

(CD4conv
iCreERT2-hCD2) or CD8+ T cells (E8IiCreERT2.GFP) on the cor-

responding CD8+ or CD4+ T cells in both Cre systems. Finally,

PD-1 and LAG-3 are also important mediators of CD8+ T cell

exhaustion during chronic lymphocytic choriomeningitis virus

(LCMV) infection (Blackburn et al., 2009). Following tamoxifen

dosing, there was sufficient deletion of both PD-1 and LAG-3

on gp33-tetamer+ CD8+ splenic T cells at day 34 post-infection

with LCMV clone 13, compared to control animals (Figures

S6K and S6L). Collectively, these observations demonstrate

the efficiency and fidelity of both the CD4conv
iCreERT2-hCD2 and

E8IiCreERT2.GFP strains in multiple disease models with condi-

tional removal of Pdcd1L/L and Lag3L/L-yfp alleles.

These data suggest that the CD4conv
iCreERT2-hCD2 strain is an

invaluable tool for dissecting the temporal role of a conditioned

allele in the CD4+ Tconv cell subset. Such an allele-conditioned

line is as efficacious as the non-allele-conditioned E8IiCreERT2.GFP

line that specifically restricts Cre activity to CD8+ T cells following

tamoxifen administration. Both strains were able to remove PD-1

and LAG-3 on their respective Cre-expressing populations,
(J) qPCRquantification of Lag3 Exon 7 (targeted region) relative to Exon 3 (non-targ

CD4+ Ametrine+ (Treg cells) and CD8+ T cells from Lag3L/L-yfp Foxp3Ametrine-FlpO

Results represent the mean of 2 or 3 independent experiments. n.s., not signific
which, as inhibitory receptors, are important mediators for the

manifestation of disease.

DISCUSSION

Site-specific recombinase technology has facilitated the devel-

opment of tools to target defined cell types and subpopulations

in both a selective and temporal manner with tamoxifen-induc-

ible CreERT2 lines and other technologies. It can be desirable

to temporally regulate the removal of a gene with tamoxifen dur-

ing the course of a diseasemodel or if constitutive deletionwould

be detrimental to development. However, there has been a lack

of models enabling specific targeting of CD4+ T cells, and in

particular, CD4+ Tconv cells, whereas there are many resources

targeting the CD4+ Treg cell subset. Generation of the tools

described here allows Cre activity to be selectively, specifically,

and temporally turned on in CD4+ T cells and more specifically in

CD4+ Tconv cells.

By using both Cre-LoxP and FlpO-Frt technologies as a dual

SSR system and allele conditioning within a single mouse line,

we have restricted iCreERT2 to CD4+ Tconv cells without

affecting Treg cells. Strategies detailed in our study use repressor

elements (e.g., ThPOK silencer) to help facilitate the restriction

expression of an otherwise more broadly active promoter (e.g.,

CD4) to ensure cell-type-specific expression. A key benefit of

the allele-conditioning approach is that it allows subpopulations

of T cells that aredefinedby theabsenceof ageneor transcription

factor (e.g., Foxp3�CD4+Tconvcells) tobe targeted.Theobvious

caveat is that it requires the use of multiple SSR systems and

extensive breeding of mouse lines. Moreover, as demonstrated

here, there is a discrepancy in the fidelity of hNGFRand tdTomato

expression reported by the differentRosa26 lines used to validate

different Cre systems, such as hNGFR being a more faithful re-

porter in the E8IiCreERT2.GFP mouse than the ThPOKCreERT2.hCD2

line. It iswell known that targeting theRosa26 locuscanyielderro-

neous results due to differences in sensitivity to Cre-mediated

recombination (Becher et al., 2018). Moreover, the presence of

the CAG promoter in the Rosa26LSL.tdTomato allele that drives

high levels of gene expression may enhance reporter efficiency,

which is absent in the Rosa26LSL.hNGFR line. While such reporters

are useful as an indication of efficiency, Cre-mediated deletion of

individual genes should be directly assessed. Not only it is impor-

tant to assess gene deletion at the genomic level for the cell type

of interest that is being targetedbut alsoother cell typesshouldbe

directly assessed. This is particularly evident due to issues with

ectopic recombination that have arisen with the Foxp3YFP.iCre

line reporting promiscuous activity in other cellular populations

(Wu et al., 2020).

Sophisticated genetic approaches in which recombinases

have been used to alter the expression from another allele

have been used in the neurological field with Brainbow and

Flpbow lines featuring the Cre-LoxP and Flp-Frt systems,

respectively (Cai et al., 2013). Dual recombinase-mediated

lineage tracing has also been used with combination of Cre

and Dre drivers to delete genes in more precise populations
eted region) in genomic DNA of sorted naive splenic CD4+ hCD2+ (Tconv cells),

or Lag3L/L-yfp CD4conv
iCreERT2-hCD2 mice receiving tamoxifen as in (I).

ant, **p < 0.01 ***p < 0.001, or ****p < 0.0001 by unpaired t-test.
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of adipocytes (Han et al., 2021). Such an intersectional genetic

approach has been underused in the field of immunology. With

the development of the additional mice described here that

temporally restrict Cre expression to CD4+ and CD8+ T cells,

these lines allow a more thorough understanding of T cell sub-

sets, and together are essential components for the immunol-

ogists’ toolbox. Considering that different subpopulations of

T cells have distinct functions in the manifestation of different

diseases, such as the tumor microenvironment and models of

autoimmunity, the CD4conv
iCreERT2-hCD2 inducible murine line is

pivotal to specifically investigate genes of interest in the CD4+

Tconv cell subset. This unique strategy can also be adapted to

target other more defined subpopulations with important roles

in different disease models.
Limitations of the study
While the CD4conv

iCreERT2-hCD2 line would spare pTreg cells by

Frt-mediated removal of Cre upon expression of FlpO, one

consideration of this system is that ex-Treg cells that had once

expressed Foxp3 are likely also to delete the iCreERT2-hCD2

cassette. Ex-Treg cells can arise following transient Foxp3

expression in response to a milieu of inflammatory cytokines,

which has subsequently ceased (Miyao et al., 2012; Zhou

et al., 2009). While the allele-conditioning approach used in the

CD4conv
iCreERT2-hCD2 line limits the capacity to examine this pop-

ulation, they could be marked by the inclusion of a Rosa26 re-

porter with a STOP cassette flanked by two Frt sites (Miyoshi

et al., 2010). This lineage tracing tool would allow for ex-Treg

cells that have previously expressed Foxp3 to be marked with

a fluorophore of choice.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

BV605 Anti-TCRb Antibody BioLegend Clone H57-597; Cat# 109241;

RRID:AB_2629563

Ultra-LEAF Purified Anti-CD3ε Antibody BioLegend Clone 145-2C11; Cat# 100340;

RRID:AB_11149115

BUV395 Anti-CD4 Antibody BD Clone GK1.5; Cat# 563790;

RRID:AB_2738426

Biotin Anti-CD4 Antibody BioLegend Clone RM4-5; Cat# 100508;

RRID:AB_312711

In vivo Anti-CD4 Antibody Bio X Cell Clone GK1.5; Cat# BE0003-1;

RRID:AB_1107636

BUV737 Anti-CD8a Antibody BD Clone 53-6.7; Cat# 612759;

RRID:AB_2870090

Biotin Anti-CD8a Antibody BioLegend Clone 53-6.7; Cat# 100704;

RRID:AB_312743

Biotin Anti-CD8b Antibody BioLegend Clone YTS156.7.7; Cat# 126604;

RRID:AB_961291

PE/Cyanine7 Anti-CD11b Antibody BioLegend Clone M1/70; Cat# 101216;

RRID:AB_312798

Biotin Anti-CD11b Antibody BioLegend Clone M1/70; Cat# 101204;

RRID:AB_312787

APC-eFluor 780 Anti-CD11c Antibody eBioscience Clone N418; Cat# 47-0114-82;

RRID:AB_1548652

Biotin Anti-CD11c Antibody BioLegend Clone N418; Cat# 117304;

RRID:AB_313773

Ultra-LEAF Purified Anti-CD28 Antibody BioLegend Clone 37.51; Cat# 102116;

RRID:AB_11147170

APC Anti-NK1.1 Antibody eBioscience Clone PK136; Cat# 17-5941-82;

RRID:AB_469479

PerCP-CY5.5 Anti-B220 Antibody eBioscience Clone RA3-6B2; Cat# 45-0452-82;

RRID:AB_1107006

PE Anti-hNGFR Antibody eBioscience Clone ME20.4; Cat# 12-9400-42;

RRID:AB_2572710

BV421 Anti-hCD2 Antibody BioLegend Clone TS1/8; Cat# 309218;

RRID:AB_2561832

PE/Cyanine7 Anti-PD-1 Antibody BioLegend Clone RMP1-30; Cat# 109110;

RRID:AB_572017

PE/Cyanine7 Anti-PD-1 Antibody BioLegend Clone 29F.1A12; Cat# 135216;

RRID:AB_10689635

PerCP-CY5.5 Anti-LAG-3 Antibody BioLegend Clone C9B7W; Cat# 125212;

RRID:AB_2561517

FITC Anti-Foxp3 Antibody eBioscience Clone FJK-16 s; Cat# 11-5773-82;

RRID:AB_465243

AF488 Anti-GFP Antibody Invitrogen Cat# A-21311; RRID:AB_221477

Biotin Anti-CD16/32 Antibody eBioscience Clone 93; Cat # 13-0161-85;

RRID:AB_466377

Biotin Anti-CD19 Antibody BioLegend Clone 6D5; Cat # 115504;

RRID:AB_313639

Biotin Anti-CD49b Antibody eBioscience Clone DX5; Cat # 13-5971-85;

RRID:AB_466824

(Continued on next page)

e1 Immunity 54, 2209–2217.e1–e6, October 12, 2021



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Biotin Anti-I-Ab Antibody BioLegend Clone KH74; Cat #115303;

RRID:AB_313632

Biotin Anti-Ly-6G/C Antibody BioLegend Clone RB6-8C5; Cat# 108404;

RRID:AB_313369

Biotin Anti-gdTCR Antibody eBioscience Clone eBioGL3; Cat# 13-5711-85;

RRID:AB_466668

Biotin Anti-CD105 Antibody eBioscience Clone MJ7/18; Cat # 13-1051-85;

RRID:AB_466556

Biotin Anti-Ter119 Antibody BioLegend Clone TER119; Cat# 116204;

RRID:AB_313705

Bacterial and virus strains

DH5a Competent Cells ThermoFisher Scientific Cat# 18265017

Chemicals, peptides, and recombinant proteins

BbvCI New England Biolabs Cat# R0601S

Collagenase IV Worthington

Biochemical Corporation

Cat# 13562

Collagenase D Roche Cat# 11088866001

Dispase STEMCELL Technologies Cat# 07913

DNase I from

bovine pancreas

Sigma-Aldrich Cat# D4263

EcoRV New England Biolabs Cat# R0195S

Evagreen qPCR Mastermix Bullseye Cat# BEQPCR-S

Ghost Viability Dye Tonbo Biosciences Cat# 13-0865-T100

HpaI New England Biolabs Cat# R0105S

MfeI New England Biolabs Cat# R0589S

MscI New England Biolabs Cat# R0534S

NotI New England Biolabs Cat# R0189S

Percoll GE Healthcare Cat# 17-0891-01

Pierce Streptavidin

Magnetic Beads

ThermoFisher Scientific Cat# 88817

Recombinant hIL-2 Prospec Cat# CYT209

Recombinant TNF-a BioLegend Cat# 575206

Tamoxifen Alfa Aesar Cat# J63509-ME

Tamoxifen Sigma Aldrich Cat# T5648

Critical commercial assays

DNeasy Blood and Tissue Kit QIAGEN Cat# 69506

Endo Free Plasmid Midi Kit QIAGEN Cat# 10043

Foxp3/Transcription Factor

Staining Buffer set kit

eBioscience Cat# 00-5523-00

Experimental models: cell lines

B16-F10 cells M.J. Turk Dartmouth College

JM8A3.N1 Embryonic Stem Cells University of

California - Davis

N/A

Experimental models: organisms/strains

C57BL/6 mice Jackson Laboratories C57BL/6J; Stock No: 000664

Foxp3YFP.iCre mice A.Y. Rudensky Memorial Sloan Kettering

Lag3L/L-yfp mice In House N/A

Pdcd1L/L mice G. Freeman Harvard Medical School

Rosa26LSLtd,Tomato mice Jackson Laboratories B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/

J; Stock No: 007914

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rosa26LSL,hNGFR mice This Manuscript N/A

E8ICreERT2.GFP mice This Manuscript N/A

ThPOKCreERT2.hCD2 This Manuscript N/A

ThPOKF/F.iCreERT2.hCD2 This Manuscript N/A

Foxp3Ametrine-FlpO This Manuscript N/A

Oligonucleotides

50-CGCCTAGGACAACCCGCAC ThermoFisher Scientific Custom

50-GGTACTCGCCCGCATCG ThermoFisher Scientific Custom

50-AGGCCATCTCGTTCTCGTTC ThermoFisher Scientific Custom

50-CCACCAGTGAAAGCCAAAGG ThermoFisher Scientific Custom

Recombinant DNA

BMQ143D8 BAC plasmid BACPAC Resources Center Children’s Hospital Oakland

Research Institute

pBigT Addgene Cat #21270

pROSA26-PA Addgene Cat #21271

E8ICre plasmid I. Taniuchi Rikagaku Kenky�usho, Japan

Thpok-Cre plasmid I. Taniuchi Rikagaku Kenky�usho, Japan

Thpok-CreERT2 plasmid I. Taniuchi Rikagaku Kenky�usho, Japan

Software and algorithms

Prism Version 8 Graphpad https://www.graphpad.com

FlowJo Treestar https://www.flowjo.com

ll
Report
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dario Vi-

gnali (dvignali@pitt.edu).

Materials availability
Thesemouse strains detailed in this study are available from the Vignali lab via a standardMTA. Some of thesemouse lines are (or will)

be established in the Vignali Lab Taconic core and thus could be shipped to any location without the need for re-derivation.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Rosa26LSL.tdTomato mice were obtained from Jackson Laboratories. Lag3L/L-yfp mice were previously described (Zhang et al., 2017).

Pdcd1L/L mice were previously described (Tan et al., 2021). Foxp3YFP.iCre mice were obtained from A.Y. Rudensky (Memorial Sloan

Kettering Cancer Center, New York). Female and male mice were used. All mice generated in this study are on a C57BL/6 back-

ground. Mice were used for studies when 4-8 weeks old. Littermates of the same sex were randomly assigned to experimental

groups. No animals were excluded. Groups of mice receiving tamoxifen or vehicle control treatment were housed in separate cages

to ensure no cross-contamination. No parameters reported as outcome measures were assessed until time of harvest. All animal

experiments were performed in the American Association for the Accreditation of Laboratory Animal Care-accredited, specific-path-

ogen-free facilities in Division of Laboratory Animal Resources, University of Pittsburgh School of Medicine (UPSOM). Animal pro-

tocols were approved by the Institutional Animal Care and Use Committees of University of Pittsburgh, St. Jude Children’s Research

Hospital and University of Pennsylvania.
e3 Immunity 54, 2209–2217.e1–e6, October 12, 2021
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METHOD DETAILS

Generation of Rosa26LSL.hNGFR mice
The Rosa26LSL.hNGFR targeting construct was generated using Rosa26 plasmids, pROSA26-PA (Addgene #21271) and pBigT (Addg-

ene #21270) (Srinivas et al., 2001). hNGFR was inserted in the ATG start codon within the Rosa26 locus downstream of the LSL

cassette. The linearized targeting construct was electroporated into JM8A3.N1 embryonic stem cells and neomycin resistant clones

were screened by Southern blot analysis using EcoRV and MscI digestions for the 50 and 30 ends, respectively. Clones that were

correctly targeted and greater than 85% normal diploid by karyotype analysis were injected into C57BL/6J blastocysts. Chimeric

mice were mated to C57BL/6J mice and transmission of the targeted allele verified by PCR.

Generation of E8IiCreERT2.GFP mice
For the generation of the E8IiCreERT2.GFP transgenic mice, the plasmid used to generate the E8ICre.GFP mouse (Seo et al., 2017) was

altered by removing the Cre and inserting iCreERT2. The plasmid was purified using Endo-Free Midi kit (QIAGEN) and restriction

digestion with NotI to isolate the fragment from the expression vector. The DNA was dialyzed, microinjected into C57BL/6 zygotes

and the resulting pups genotyped and screened by GFP expression.

Fiber fluorescence in situ hybridization (fiber FISH) was performed to identify the specific chromosomal location of the transgene

and to determine distances between genes. The transgene was found to be hemizygously inserted into chromosome 2 at approx-

imately 2H3-4. This analysis was performed at the Cytogenetic Shared Resource at St. Jude Children’s Research Hospital.

Generation of ThPOKCreERT2.hCD2 mice
ThPOKCreERT2.hCD2 mice were established by using a minigene transgene construct which was constructed by replacing Cre cDNA

with CreERT2 cDNA in the Thpok-Cre construct (Kakugawa et al., 2017; Mucida et al., 2013). The DNA was dialyzed, microinjected

into C57BL/6 zygotes at Japan SLC, Incorporation. Resulting pups were genotyped and were screened for hCD2 expression. The

transgene was found to be hemizygously inserted into chromosome 1 at approximately 1E3-F.

Generation of ThPOKF/F.iCreERT2.hCD2 mice
The ThPOKF/F.iCreERT2.hCD2 mouse was generated by altering the plasmid used to generate ThPOKCreERT2, replacing the CreERT2

cassette with iCreERT2. A Frt site was inserted 1086bp upstream of the ATG codon of iCreERT2 within the CD4 intron of the

ThPOKiCreERT2 plasmid. A second Frt site was inserted after the STOP codon of hCD2. The plasmid was purified using the Endo-

Free Midi Kit (QIAGEN) and isolated from the expression vector usingMfeI and HpaI restriction digestion. The DNA was dialyzed,

microinjected into C57BL/6 zygotes and resulting pups genotyped and screened for hCD2 expression. The transgenewas found to

be hemizygously inserted in chromosome 13 at approximately 13D1.

Generation of Foxp3Ametrine-FlpO mice
The Foxp3Ametrine-FlpO targeting construct was generated using standard recombineering methods (Liu et al., 2003). Initially, 11.3-ki-

lobases of the Foxp3 locus were retrieved from a BAC plasmid (BMQ143D8) and an Ametrine-2A peptide linker (Szymczak et al.,

2004). FlpO (a codon optimized flippase) (Raymond and Soriano, 2007) cDNA followed by a 2A peptide linker was inserted after

the ATG start codon of Foxp3 along with a AttB-Neo-AttP cassette. The linearized targeting construct was electroporated into

JM8A3.N1 embryonic stem cells and neomycin resistant clones were screened by Southern blot analysis using BbvCl and EcoRV

digestions for the 50 and 30 ends, respectively. Clones that were correctly targeted and greater than 85% normal diploid by karyotype

analysis were injected into C57BL/6 blastocysts. Chimeric mice were mated to C57BL/6 mice and transmission of the targeted allele

verified by PCR. Germline mice were then crossed with Rosa.PhiC31 mice to remove the Neo cassette.

Cell lines and reagents
B16-F10 cells were obtained from M.J. Turk (Dartmouth College, New Hampshire) and cultured in complete Roswell Park Memorial

Institute (RPMI)-1640 medium (Lonza) supplemented with 10% FBS, 100units/ml penicillin, 100mg/ml streptomycin, 2mM glutamine,

1mM pyruvate, 5mMHEPES, 100 mM non-essential amino acids and 2-ME. All cell lines and assay cultures were maintained at 37�C
and 5% CO2.

Tumor models
Mice were injected with B16-F10 melanoma (1.25X105 cells i.d.). Mice were removed from study if tumor growth reached a mean

diameter of 1.5cm or when necrosis was observed. Tumor was harvested on d14 post tumor inoculation.

LCMV infection
Micewere infected i.v. with 4X106 plaque-forming units (PFU) of LCMV clone 13. CD4+ T cells were depleted by i.p. injection of 200mg

anti-CD4 (GK1.5; Bio X Cell) monoclonal antibody on d-1 and d+1 post infection. Spleens were harvested on d34 post infection and

PD-1/LAG-3 was assessed on gp33-tetramer+ cells by flow cytometry.
Immunity 54, 2209–2217.e1–e6, October 12, 2021 e4
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Tamoxifen administration
Mice were randomized and either received up to ten consecutive intraperitoneal injections of tamoxifen (Alfa Aesar; 1mg in 5%EtOH/

sunflower oil) or vehicle as a control and tissues (spleen and lymph nodes) were harvested for analysis at the defined time point.

Single-cell isolation
For isolation of intestinal epithelial lymphocytes (IEL) and lamina propria lymphocytes (LPL), the small intestine was harvested with fat

tissue and Peyer’s patches removed. The luminal contents of the intestine were removed and small pieces of intestine was incubated

with HBSS-FBS-EDTA (3% FBS, 5mM EDTA) for 20 minutes (at 37�C, 250rpm). Intestinal pieces were strained and incubated with

serum free HBSS-EDTA (2mM EDTA) by shaking vigorously. Straining the intestinal pieces collects the IEL compartment. To collect

the LPL compartment, intestinal pieces were incubated with serum-free HBSS containing 0.1mg/ml collagenase D (Roche) and 40U/

ml DNase I (Sigma-Aldrich) for 30 minutes (at 37�C, 250rpm). Following addition of HBSS-FBS (3% FBS) to stop the digestion, intes-

tinal pieces were strained to collect the LPL compartment.

For isolation of tumor-infiltrating lymphocytes (TILs), mice were injected with B16-F10 melanoma (1.25X105 cells i.d.) and tumors

collected for analysis on the indicated time-point. TILs were prepared with enzymatic (collagenase IV (Worthington Biochemical) and

dispase (StemCell Technologies), both 1mg/ml) and mechanical disruption.

For isolation of liver lymphocytes, the liver was first perfused with PBS via the duct that runs between the two main lobes. A single

cell suspension was processed and a lymphocyte population was separated from the interface of a 67%/44% Percoll (GE Health-

care) gradient following centrifugation at 800xg for 20 minutes.

For isolation of lung lymphocytes, the lungs were first perfused with PBS via the right ventricle of the heart. Lungs wereminced and

incubated with 1mg/ml Collagenase D (Roche) for 45 minutes (at 37�C, 250rpm).

In vitro stimulation
CD4+ T cells were negatively selected from spleens of mice by incubation with a biotin-conjugated antibody cocktail (anti-CD8a,

CD8b, CD11b, CD11c, CD16/32, CD19, CD49b, CD105, B220, Ly6G/C, I-Ab, gdTCR and Ter119) on ice for 15 minutes. CD8+

T cells were negatively selected by incubation with a biotin-conjugated antibody cocktail (anti-CD4, CD25, CD11b, CD11c, CD16/

32, CD19, CD49b, CD105, B220, Ly6G/C, I-Ab, gdTCR and Ter119) on ice for 15 minutes. Cells were then washed and incubated

with Pierce Streptavidin Magnetic beads (ThermoFisher Scientific) on ice for 15 minutes. Cells were placed on a magnet and non-

bound cells were extracted resulting in CD4+ or CD8+ T cells with > 90% purity.

Pure populations of splenocytes were stimulated with plate-bound 1mg/ml anti-CD3 (145-2C11; BioLegend) and anti-CD28 (37.51;

BioLegend) for 48 hours.

For the iTreg cell induction assay, sorted CD4+ hCD2+ Ametrine– were stimulated with plate-bound 1mg/ml anti-CD3 (145-2C11;

BioLegend) and 2mg/ml anti-CD28 (37.51; BioLegend), and skewed with recombinant human IL-2 (100U/ml; Prospec) and recombi-

nant TGFb (10ng/ml; BioLegend) for 96 hours.

Antibodies and flow cytometry
Single cell suspensions were stained with antibodies against TCRb (H57-597; eBioscience), CD4 (GK1.5; BioLegend), CD8a (53-6.7;

BioLegend), CD11b (M1/70; BioLegend), CD11c (N418; BioLegend), NK1.1 (PK136; eBioscience), B220 (RA3-6B2; BioLegend),

hNGFR (ME20.4; eBioscience), hCD2 (TS1/8; BioLegend), PD-1 (RMP1-30 or 29F.1A12; BioLegend), LAG-3 (C9B7W; BioLegend),

Foxp3 (FJK-16 s; eBioscience) and anti-GFP (Invitrogen).

Surface staining was performed on ice for 15 minutes. For intracellular staining of Foxp3 and GFP, cells were first stained with sur-

face markers and fixed in Fix/Perm buffer (eBioscience) for 30minutes. Dead cells were discriminated by staining with Ghost Viability

Dye (Tonbo Biosciences) in PBS. Cells were analyzed on Fortessa or LSR II (BD Biosciences), and data analysis was performed on

FlowJo (Tree Star).

For negative selection of CD4+ or CD8+ T cells, biotin-conjugated antibodies against the following targets were used: CD4 (RM4-5;

BioLegend), CD8a (53-6.7; BioLegend), CD8b (YTS156.7.7; BioLegend), CD11b (M1/70; BioLegend), CD11c (N418; BioLegend),

CD16/32 (93; eBioscience), CD19 (6D5; BioLegend), CD25 (PC61; BioLegend), CD49b (DX5; eBioscience), CD105 (MJ7/18; eBio-

science), B220 (RA3-6B2; BioLegend), I-Ab (KH74; BioLegend), gdTCR (eBioGL3; eBioscience), Ly-6G/C (RB6-8C5; BioLegend)

and Ter119 (TER119; BioLegend).

Quantitative real-time PCR
Genomic DNA was extracted from sorted T cell populations isolated from spleens of tamoxifen or vehicle-treated E8IiCreERT2.GFP,

Lag3L/L-yfp E8IiCreERT2.GFP, Lag3L/L-yfp Foxp3Ametrine-FlpO or Lag3L/L-yfp CD4conv
iCreERT2-hCD2 mice using DNeasy Blood and Tissue

Kit (QIAGEN), according to the manufacturer’s instructions. Quantitative polymerase chain reaction (qPCR) was performed

using EvaGreen qPCR MasterMix (Bullseye) in a total volume of 20ml and detected using a LightCycler 96 (Roche) instrument.

The following primer sequences were used for Lag3 Exon 3 (Forward Primer: 50-CGCCTAGGACAACCCGCAC and Reverse Primer:

50-GGTACTCGCCCGCATCG) and Lag3 Exon 7 (Forward Primer: 50-AGGCCATCTCGTTCTCGTTC and Reverse Primer: 50-CC
ACCAGTGAAAGCCAAAGG).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Methods were conducted using Prism Version 8 (GraphPad). Comparisons of independent samples was calculated using

unpaired t-Test (Figures 1D–1F, 2F–2H, 3C, 4B–4D, 4F–4H, 4J, S1D–S1F, S2B, S2D, S2F, S3C–S3E, S4D–S4F, S5A, S5B, S5G–S5I,

S6B–S6D, S6G–S6J, and S6L). Sample sizes for animal studies were determined based on pilot studies. No methods were used to

determine whether data met assumptions of the statistical approach. ‘‘n’’ represents the number of mice used in an experiment, with

number of individual experiments listed in the legend. Samples are shownwith themeanwith or without error bars indicating standard

error of the mean (s.e.m). Significance was defined as p = 0.05. Statistical significance was marked as *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001 and n.s. not significant.
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