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Abstract
Regulatory T cells (Treg) are vital to the maintenance of immune homeostasis. 
The genetic background of an inbred mouse strain can have a profound effect on 
the immune response in the animal, including Treg responses. Most Treg studies 
focus on animals created on the C57BL/6 or BALB/c background. Recent studies 
have demonstrated a difference in the phenotype and behavior of C57BL/6 and 
BALB/c Tregs. In this study, we have investigated the function of FVB/N Tregs 
compared to C57BL/6 and BALB/c. We observed that while FVB/N Tregs appear 
to suppress normally in a cell contact- dependent system, FVB/N Tregs are less 
capable of suppressing when regulation depends on the secretion of a soluble fac-
tor. FVB/N Tregs produce IL- 10; however, TGF- β was not detected in any culture 
from C57BL/6 or FVB/N. C57BL/6 Foxp3+ Tregs expressed more of the TGF- 
β- related proteins glycoprotein- A repetitions predominant (GARP) and latency- 
associated peptide (LAP) on the cell surface than both FVB/N and BALB/c, but 
C57BL/6 Tregs expressed significantly less Ctse (Cathepsin E) mRNA. Each strain 
displayed different abilities of thymic Tregs (tTreg) to maintain Foxp3 expression 
and had a varying generation of induced Tregs (iTregs). In vitro generated FVB/N 
iTregs expressed significantly less GARP and LAP. These results suggest Tregs of 
different strains have varying phenotypes and dominant mechanisms of action 
for the suppression of an immune response. This information should be taken 
into consideration when Tregs are examined in future studies, particularly for 
therapeutic purposes in a genetically diverse population.
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1  |  INTRODUCTION

Regulatory T cells (Treg) have been shown to be vital to 
the maintenance of immune homeostasis and are import-
ant in preventing an overactive immune response. This is 
most evident in immunodysregulation polyendocrinop-
athy, X- linked (IPEX) syndrome. IPEX is identified by a 
lack of Tregs, which results in T cell- dependent systemic 
autoimmunity.1 Tregs are identified by the expression 
of the transcription factor Foxp3 and the T cell receptor 
co- receptor CD4.2,3 CD25, the α- chain of the IL- 2 recep-
tor been reported to be highly expressed on Tregs. Tregs 
exist as two main subclasses, naturally arising thymic 
Tregs (tTreg) and periphery- induced Tregs (pTreg). Tregs 
can also be induced from naïve CD4+ T cells in vitro 
(iTregs).4,5 tTregs develop in the thymus through high 
TCR interaction with self- peptide/MHC. pTregs are gen-
erated in the periphery under the influence of TGF- β and 
IL- 2.6– 10 tTregs and pTregs/iTregs may be distinguished by 
the expression of Helios, a transcription factor thought to 
be expressed in tTregs, but not in pTregs/iTregs.11,12 Helios 
has been demonstrated to stabilize Foxp3 expression in 
tTregs, thus maintaining a Treg phenotype, and has been 
associated with a higher suppressive ability.5,13,14 CD101 
is another molecule shown to be present on Tregs with 
increased suppressive action, perhaps by stabilizing IL- 10 
production.15,16

While Tregs may function by suppressing antigen- 
presenting cell activity, direct Treg suppression of effector 
cells has also been demonstrated. Tregs can utilize several 
mechanisms to exercise their regulatory function on ef-
fector cells including the secretion of immunosuppressive 
cytokines, such as interleukin (IL) - 10, IL- 35, and TGF- 
β.17– 20 Tregs can also act in a cell contact- dependent man-
ner on effector cells by inducing effector cell apoptosis or 
cell cycle arrest.21

It is known that the genetic background of an inbred 
mouse strain may have a profound impact on the immune 
response in the animal. BALB/c and C57BL/6 mice dis-
play different lung immune cell infiltrate and cytokine 
levels after the asthmatic challenge. BALB/c mice also 
show increased levels and diversity of IgA compared to 
C57BL/6, and dendritic cells show different levels of toll- 
like receptor expression, leading to changes in dendritic 
cell reactivity.22,23 Sex has also been shown to impact Treg 
marker expression.24

These strains also vary in T cell responses. C57BL/6 
animals have been shown to predominately generate an 
IFN- γ- driven Th1 response, while BALB/c mice tend to 
favor an IL- 4/13- driven Th2 response.25 Interestingly, re-
cent studies have also demonstrated that similar differ-
ences may occur in the Treg populations as well. Studies 
between C57BL/6 and BALB/c Tregs have shown different 

mechanisms of action between strains. C57BL/6 Tregs ap-
pear to be more dependent on the use of IL- 35 for suppres-
sion, while BALB/c Tregs are more dependent on initiating 
target cell apoptosis.26 BALB/c Teff cells have also been 
shown to be more responsive to the suppression from 
Tregs than Teff from C57BL/6 mice, and differences have 
been described in thymic Tregs between the BALB/c and 
C57BL/6 strains.27,28 Different Treg behaviors have also 
been demonstrated in autoimmune models, including the 
Type 1 diabetes (T1D) prone Non- Obese Diabetic (NOD) 
mouse.29 C57BL/6 animals with the same MHC haplo-
type as the NOD (C57BL/6.H2g7) are resistant to T1D.30 
Compared to C57BL/6.H2g7 iTregs, NOD mice have a re-
duced capacity to induce in vitro iTregs, and these iTregs 
are functionally impaired in vitro, as they are unable to 
effectively suppress CD4+CD25− cell proliferation. Recent 
studies have also demonstrated variation in regulatory T 
cell counts, phenotype, and suppressive function between 
C57BL/6, NOD, and BALB/c mouse strains.31 In addition, 
NOD iTregs express lower levels of ecto- 5′- nucleotidase 
(CD73), IL- 2Rβ (CD122), and glycoprotein- A repetitions 
predominant (GARP), molecules shown to be important 
to Treg function.32 These studies implicate genetic back-
ground as a major influence on Treg function, and it is 
also important to note that most modern Treg studies have 
been done on C57BL/6 or BALB/c mice (Table 1).

In this study, we have attempted to further our under-
standing of Treg phenotype and function between vari-
ous inbred mouse strains by analyzing splenic Tregs from 
FVB/N in comparison with the commonly used BALB/c 
and C57BL/6. FVB/N mice have been found to be useful 
for the generation of transgenic mouse strains due to large 
eggs for ease of microinjection, and large litter sizes.33 
Biologically relevant differences have also been described 
between the C57BL/6 and the FVB/N in the development 
of diabetes and obesity.34,35 Recently, immunological dif-
ferences have been described in the function of C3 conver-
tase between the C57BL/6 and FVB/N strains.36

Numerous differences were observed between the 
strains, including the expression of several common Treg 
markers, as well as a functional difference between FVB/N 

T A B L E  1  PubMed search results for Treg terms and strain

Search Term
C57BL/6 
Results

BALB/c 
Results

FVB 
Results

“Regulatory T cell” 418 1254 4

“Treg” 315 833 5

“Foxp3” 280 731 3

Total Results 1013 2818 12

Note: Results of PubMed search for Treg- related terms and an inbred mouse 
strain. The search was limited to results from January 1, 2016 to August 31, 
2021.
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and C57BL/6 mice. Understanding the differences in the 
immune responses of various mouse strains has become 
increasingly important as Tregs are now the target of ther-
apeutics in a much more genetically diverse human pop-
ulation.37 This study demonstrates that there are specific 
genetic differences between inbred mouse strains com-
monly used in immunologic research that directly affect 
Treg phenotype and function.

2  |  MATERIALS AND METHODS

2.1 | Animals

C57BL/6, FVB/N, and BALB/c mice were purchased 
from Taconic Farms. All animals used in this study were 
males, 8– 10 weeks of age. Animals were bred and main-
tained under specific pathogen- free (SPF) conditions 
in Thoren Isolator racks under positive pressure. The 
Institutional Care and Use Committee of the University 
of Alabama at Birmingham (UAB) approved all experi-
ments. SPF conditions at UAB include an absence of the 
following organisms, as determined by serological screen-
ing: mouse parvoviruses, including MPV- 1, MPV- 2, and 
minute virus of mice; mouse hepatitis virus, murine noro-
virus, Theiler's murine encephalomyelitis virus; mouse 
rotavirus (epizootic diarrhea of infant mice), Sendai virus; 
pneumonia virus of mice; reovirus; Mycoplasma pulmo-
nis; lymphocytic choriomeningitis virus; mouse adenovi-
rus; ectromelia (mousepox) virus; K polyomavirus; and 
mouse polyomavirus. Testing and other methods were as 
described at http://main.uab.edu/Sites/ Compa rativ ePath 
ology/ surve illan ce/.

2.2 | Cell isolation

Spleens were removed and cells were isolated immedi-
ately via single- cell suspension by mechanical disruption. 
Cells were then passed through a 100 μm nytex filter and 
washed in HBSS supplemented with 1% FBS (HyClone), 
penicillin/streptomycin (Mediatech), and HEPES 
(Mediatech). For flow cytometry experiments, red blood 
cells were lysed using a 140 mM NH4Cl buffer for 5 min 
at room temperature. Red cell lysis was not performed on 
samples for cell culture. Cells were counted with a hemo-
cytometer and compound microscope. The average yields 
per spleen were approximately 1 × 108 lymphocytes.

CD4+CD25− and CD4+CD25+ cells were further iso-
lated by magnetic bead separation using the MACS 
CD4+CD25+ Cell Isolation Kit (Miltenyi Biotech) and 
following the manufacturer's protocol. Briefly, CD4+ 
cells were first isolated by negative selection. CD25+ cells 

were then selected by positive selection, allowing separa-
tion of the CD25− and CD25+ fractions. After isolation, 
the CD4+CD25+ fraction contained approximately 80% 
CD4+Foxp3+ cells in both C57BL/6 and FVB/N strains.

2.3 | Cell proliferation assays

For the measurement of cell contact- dependent cell pro-
liferation, CD4+CD25− and CD4+CD25+ cells freshly 
isolated via MACS as described above, were cultured 
individually or co- cultured together at 2x106 cells/ml in 
200 μl RPMI supplemented with 10% FBS, penicillin/
streptomycin (Mediatech), L- glutamine (Mediatech), and 
2- mercaptoethanol (Sigma– Aldrich) (R10) in a round 
bottom 96- well plate coated with 1 μg/mL anti- CD3 (BD 
Biosciences) and 0.5 μg/mL anti- CD28 (BD Biosciences) 
for 96 h total. Supernatants for ELISA were collected 
after 48 or 96 h of culture and media replaced. 1 μCi 3H- 
Thymidine (Perkin- Elmer, Waltham, MA) was added for 
the final 24 h of culture.

To measure the suppressive potential of a secreted fac-
tor in the supernatant of the CD4+CD25+ Treg cultures, 
CD4+CD25− and CD4+CD25+ cells freshly isolated via 
MACS as described above, were cultured alone at 2 × 106 
cells/ml in 200 μl R10 in a round bottom 96 well plate 
coated with 1  μg/ml anti- CD3 and 0.5  μg/ml anti- CD28 
for 72 h. Hundred microliters of the cell supernatant were 
then placed onto freshly isolated CD4+CD25− Teff cells 
with 100 μl fresh media in a round- bottom 96- well plate 
coated with 1 μg/ml anti- CD3 and 0.5 μg/ml anti- CD28. 
The responder CD4+CD25− cells were then cultured for an 
additional 48 h, and 1 μCi 3H- Thymindine (Perkin- Elmer, 
Waltham, MA) was added for the final 24 h of culture.

For both cell contact and cell supernatant suppression 
assays, 3H- Thymidine incorporation was quantitated by 
harvesting cells on a Perkin- Elmer Filtermate Unifilter- 96 
Harvester and analyzing on a Perkin- Elmer TopCount 
NXT scintillation counter using TopCount NXT software.

2.4 | Flow cytometry

Cells were stained for both extracellular and intracellular 
molecules using the eBioscience Foxp3 Staining Buffer 
Set (eBioscience). In summary, Fc receptors on target 
cells were blocked by incubating with anti- CD16/CD32 
(1  μg/sample) (BD Biosciences) for 15 min at 4°C. Cells 
were washed and stained with all extracellular antibodies 
for 30 min at 4°C. Cells were washed and incubated with 
100 μl of eBioscience Permeabilization/Fixation Solution 
for 30 min at 4°C, then cells were washed and stained with 
intracellular antibodies for 30 min at 4°C. Cells were then 

http://main.uab.edu/Sites/ComparativePathology/surveillance/
http://main.uab.edu/Sites/ComparativePathology/surveillance/
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washed and resuspended in 1% paraformaldehyde solu-
tion in 0.15 M NaCl2 until analysis. Antibodies purchased 
from BD Biosciences included: Fluorescein isothiocyanate 
(FITC)- conjugated anti- CD4 (clone L3T4), phycoerythrin 
(PE)- conjugated anti- CD25 (clonePC61), PE- conjugated 
anti- CD103 (clone M290). Antibodies purchased from 
eBioscience included: allophycocyanin (APC)- conjugated 
anti- Foxp3 (clone FKJ- 16 s), PE- conjugated anti- CD101 
(clone Moushi101), PE- conjugated anti- GITR (clone 
DTA- 1), and PE- conjugated anti- GARP (clone YGIC86). 
Antibodies purchased from BioLegend included: PE- 
conjugated anti- Helios (clone 22F6) and PE- conjugated 
anti- LAP (clone TW7- 16B4). All flow cytometry was done 
on a Becton Dickinson FACSCalibur (BD Biosciences) 
and events were collected using CellQuest software. All 
analysis was done utilizing FlowJo software (Tree Star, 
Inc.,).

2.5 | Cytokine measurements

ELISAs were performed to measure levels of IL- 10. Briefly, 
Immunlon 96 well plates were coated with capture anti-
body (4.0 μg/ml anti- IL- 10: clone JES5- 2A5), overnight at 
4°C. Plates were then washed and blocked with PBS con-
taining 10% newborn calf serum. Plates were again washed 
and culture supernatant or known standard was added for 
2 h at room temperature. Standards consisted of 7 dilutions 
and a blank, run in triplicate. Dilutions started at 5 μg/ml 
IL- 10 and were diluted at 1:2. Samples were washed off 
and the biotinylated detection antibody (0.75 μg/ml anti- 
IL- 10: clone JES5- 16E3) was added for 1  hour at room 
temperature. Plates were washed again, and streptavidin- 
horseradish peroxidase (Jackson ImmunoResearch) was 
added for 30 min. Plates were washed for a final time, and 
3,3′,5,5′- tetramethylbenzidine (Thermo Scientific) was 
added and developed for 30 min IL- 10. The reaction was 
stopped by adding 0.5 M H2SO4 and the plates were read 
on a VERSAmax microplate reader (Molecular Devices) at 
450 nm using SoftMax Pro software (Molecular Devices). 
All capture and detection antibodies were purchased from 
BioLegend.

TGF- β levels were measured using Transfected TGF- βR 
mink lung epithelial cells (TMLEC). Briefly, 2 × 105 
TMLECs were plated in DMEM with 4.5 g/dl glucose, sup-
plemented with 10% FBS and 4 ml/L neomycin. TMLECs 
were incubated for 4  h at 37°C. Cells were then rinsed 
twice with DMEM. Supernatants from the CD4+CD25− 
or CD4+CD25+ cells were then added to the TMLECs 
and BSA was then added at a final concentration of 0.5%. 
TMLECs were then incubated for 16 h at 37°C. TMLECs 
were then lysed with lysis buffer (Promega, Madison, WI) 
for 30 min at room temperature on a rocker. After lysis, 

20 μl of lysate was added to an opaque 96 well plate and 
100 μl of luciferase substrate was added to each well. 
Known TGF- β standards were used from 0pM to 32pM 
were used to generate a standard curve. The luminescence 
was then read.

2.6 | Real- time PCR

RNA was obtained from fresh MACS isolated cells 
using the QIAgen RNeasy RNA extraction kit (QIAGEN 
Inc.,). cDNA was synthesized using the Transcriptor 
First Strand cDNA Synthesis Kit (Roche). Quantitative 
real- time reverse- transcriptase polymerase chain reac-
tion (RT- PCR) was performed using TaqMan Universal 
PCR Mix (Invitrogen) in combination with Applied 
Biosystems TaqMan Gene Expression Assay primer- probe 
sets (Applied Biosystems) for Il2 (Applied Biosystems 
ID Mm00445259_m1), Il10 (Mm00439616_m1), Il12a 
(Mm00434165_m1), Ebi3 (Mm00469294_m1), Tfgb1 
(Mm00441724_m1), Nt5e (Mm00501910_m1), Lrrc32 
(Mm01273954_m1), Ctse (Mm00456010). The RNA ex-
pression level was calculated using the crossing threshold 
of detectable fluorescence level as determined by the RT 
cycler MX3000P (Stratagene). Crossing thresholds were 
then averaged to get a gene- specific value that was then 
normalized to the average expression of the 18S house-
keeping gene for each strain and experimental condition 
studied.

2.7 | Generation of induced regulatory 
T cells

To investigate the maintenance of Foxp3 expression on 
CD4+CD25+ tTregs and the generation of iTregs from 
CD4+CD25− cells, splenic CD4+CD25− and CD4+CD25+ 
cells were isolated and separated as described above. 
2.5 × 105 freshly separated cells were then added to a 96- well 
flat- bottom plate coated with anti- CD3 (1 μg/ml) and anti-
 CD28 (0.5 μg/ml) for 48 or 96 h at 37°C with media alone, 
20 ng/ml recombinant mouse IL- 2, 5  ng/ml recombinant 
human TGF- β, or both IL- 2 and TGF- β. If cells were cultured 
for 96 h, fresh media and cytokines were added after 48 h of 
culture. Cell supernatants were collected after 48 and 96 h 
for ELISA. All cytokines were purchased from BioLegend.

2.8 | Statistical analysis

Statistics on continuous data was performed using the un-
paired t- test in GraphPad Prism software. p values ≤0.05 
are shown.
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3  |  RESULTS

3.1 | C57BL/6 and FVB/N regulatory T 
cells suppress effector T cell proliferation 
similarly in a cell contact environment

To examine functional differences between C57BL/6 
and FVB/N, an in vitro cell proliferation assay was per-
formed to investigate cell contact- dependent regula-
tion. CD4+CD25− effector T cells (Teff) were isolated 
via MACS and cultured with or without MACS isolated 
CD4+CD25+ Treg cells for 96 h. The cells were cultured 
in the presence of plate- bound anti- CD3 and anti- CD28 
to stimulate T cell activation and proliferation, and pro-
liferation was measured via 3H- Thymidine uptake. Both 
C57BL/6 and FVB/N CD4+CD25+ Treg cells were capa-
ble of suppressing CD4+CD25− Teff cell proliferation in 
a cell contact- dependent manner when at a 1:1 or 4:1 
ratio. (Figure 1A).

3.2 | Supernatants from C57BL/6 Tregs 
prevent Teff cell proliferation, while 
FVB/N Treg supernatants do not

Because no difference was observed between the func-
tion of C57BL/6 and FVB/N Treg cells in a cell contact- 
dependent system, it was then necessary to examine 
Treg suppression of C57BL/6 and FVB/N Tregs without 
direct effector cell contact. This was accomplished by 
culturing either MACS isolated CD4+CD25− Teff cells or 
CD4+CD25+ Treg cells from either strain for 72 h with anti-
 CD3 and anti- CD28 stimulation. The culture supernatants 
were then placed onto freshly isolated CD4+CD25− Teff 
cells. The responding CD4+CD25− Teff cells were cul-
tured for 48 h with the supernatant, and proliferation was 
measured by 3H- Thymidine incorporation (Figure  1B). 
Responding cells were also cultured with fresh media 
as a control. As shown in Figure 1C, supernatants from 
both C57BL/6 Treg cells (left panel) and FVB/N Treg cells 
(right panel) were unable to block baseline CD4+CD25− 
cell proliferation, as those cells reached proliferation 
levels similar to CD4+CD25− cells cultured in the super-
natant of CD4+CD25− cells.

However, it was observed that when C57BL/6 Teff cells 
were in the presence of C57BL6 Treg supernatants, the 
enhanced Teff proliferation seen in the Teff culture com-
bined with Teff supernatant was blocked. Similar inhibi-
tion of proliferation was not seen in the FVB cultures. To 
determine whether the supernatant or a differential Teff 
response was causing this differential proliferation of Teff 
cells, the supernatant suppression assay (Figure 1B) was 
again used. However, different responder cell strains were 

utilized. C57BL/6 Teff cells or FVB/N Teff (Figure  1D) 
were cultured with supernatants from CD4+CD25− and 
CD4+CD25+ cells isolated from both C57BL/6 and FVB/N 
spleens. The supernatant from the C57BL/6 Treg cells 
was able to decrease the proliferation of both C57BL/6 
(Figure 1C) and FVB/N (Figure 1D) Teff cells compared to 
the Teff supernatant, however, the FVB/N Treg superna-
tants were unable to generate the same decrease.

3.3 | FVB/N Tregs secrete IL- 10 at higher 
levels than C57BL/6 Tregs

The inability of FVB/N Treg supernatants to prevent the 
proliferation of Teff cells leads us to test for the presence 
of the immunoregulatory cytokines. Two immunosup-
pressive cytokines that Tregs are known to secrete are 
IL- 10 and TGF- β. Interestingly, FVB/N Tregs appear to 
secrete more IL- 10 than their C57BL/6 counterparts, in-
dicating that the lack of IL- 10 does not explain our results 
(Figure 2B). To evaluate the production of active TGF- β, 
we utilized TGF- βR transfected mink lung epithelial cells 
(tMLEC). However, this assay did not detect any active 
TGF- β in either the C57BL/6 or the FVB/N Treg cultures, 
ruling out soluble TGF- β as a potential regulatory mol-
ecule in our system (Figure 2C).

3.4 | C57BL/6, FVB/N, and BALB/c 
splenic Foxp3+ cells display different cell 
surface phenotype

To further explore the differences between Tregs from 
C57BL/6 and FVB/N animals, the expression of common 
Treg markers was investigated. In addition, several experi-
ments were also carried out utilizing another common in-
bred mouse strain, the BALB/c mouse. BALB/c mice are 
frequently used to study Th2 responses, while C57BL/6 
mice are commonly used for Th1.25,38 As FVB/N mice have 
also been described to have a dominant Th2 response, we 
performed this additional comparison to BALB/c in order 
to explore if the differences seen between C57BL/6 and 
FVB/N Treg phenotypes would align with this known dif-
ference in effector T cell responses.38,39 CD4+ splenocytes 
from C57BL/6 and BALB/c mice expressed similar lev-
els of the master Treg transcription factor, Foxp3. Fewer 
FVB/N CD4+ splenocytes expressed Foxp3 compared to 
both the C57BL/6 and the BALB/c (Figure 3A).

The expression of several common T cell markers 
was also analyzed via flow cytometry on freshly isolated 
CD4+Foxp3+ splenocytes. No changes were detected in 
CD25 (the IL- 2Rα chain) or in CD103 (αE integrin), a com-
mon intestinal homing marker known to be expressed on 
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F I G U R E  1  FVB/N Tregs suppress in a cell contact environment, but demonstrate impaired suppression without cell contact. (A) 
CD4+CD25− Teffs were isolated from C57BL/6 or FVB/N spleens and cultured separately or cocultured with CD4+CD25+ Treg cells at a 1:1 
ratio with anti- CD3 and anti- CD28 stimulation for 96 h. 3H- Thymidine was added for the final 24 h of culture. (B) Schematic representing 
the experimental setup for figures C and D. CD4+CD25− or CD4+CD25+ were cultured with anti- CD3 and anti- CD28 stimulation for 72 h. 
After 72 h, 100 μl of the supernatant +100 μl fresh media was placed onto freshly isolated CD4+CD25− cells. CD4+CD25− responder cells 
were then cultured for 48 h, with 3H- Thymidine added for the final 24 h of culture. (C) C57BL/6 and FVB/N supernatant suppression 
cultures. Experiments for each strain were performed as shown in B. (D) Inter- strain supernatant suppression cultures. FVB/N CD4+CD25− 
responder cells were cultured with supernatants generated from C57BL/6 CD4+CD25− or CD4+CD25+ cells (filled bars); and C57BL/6 
CD4+CD25− responder cells were cultured with supernatants generated from FVB/N CD4+CD25− or CD4+CD25+ cells (empty bars). 
*p ≤ 0.05; ***p ≤ 0.001. Data are representative of 3 independent experiments, with 6 samples per group. Mean + standard deviation is shown.
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Tregs. However, differences were seen in several other 
markers (Figure 3B). The expression of these markers was 
significantly higher in C57BL/6 CD4+Foxp3+ cells in all 
cases. CD101 was found to be decreased to similar levels 
in both the FVB/N and BALB/c Tregs relative to C57BL/6 
Tregs. Similar results were also seen for glucocorticoid- 
induced TNFR- related protein (GITR), a cell surface mol-
ecule that is involved in antigen- presenting cell (APC) 
activation of Teff cells.40,41 Significant decreases were 
also seen in the FVB/N and BALB/c Treg expression of 

glycoprotein- A repetitions predominant (GARP) and the 
TGF- β1 coupling protein latency- associated peptide (LAP). 
GARP and LAP are both involved in the expression of cell 
surface TGF- β.42– 44 Lastly, a small, but statistically signif-
icant, decrease in the transcription factor Helios, shown 
to stabilize Foxp3 expression in tTregs, was observed in 
FVB/N Tregs compared to C57BL/6 Tregs.13,14 Several dif-
ferences in the expression of these markers were also ob-
served within the CD4+Foxp3− population, although not 
to a statistically significant level (Figure S1A). However, 
Helios was found to be more highly expressed in C57BL/6 
CD4+Foxp3− cells than in CD4+Foxp3− cells from FVB/N 
or BALB/c mice.

3.5 | CD4+CD25+ mRNA expression 
levels differ between C57BL/6, FVB/N, and 
BALB/c

In addition to flow cytometry, qRT- PCR was performed 
on MACS isolated CD4+CD25− and CD4+CD25+ cells 
from C57BL/6, FVB/N, and BALB/c splenocytes to detect 
mRNA levels of the following Treg markers: IL2 (IL- 2), 
IL10 (IL- 10), IL12a (IL- 12p35), Ebi3 (Ebi3), Tgfb1 (TGF- 
β), Nt5e (CD73), Lrrc32 (GARP), and Ctse (Cathepsin 
E). Ctse was significantly increased in the FVB/N and 
BALB/c CD4+CD25+ population compared to C57BL/6 
mice (Figure 4B). Cathepsin E is expressed by Treg cells 
and may enhance Treg suppression of Teff proliferation 
through the cleavage of TNF- related apoptosis- inducing 
ligand (TRAIL).45 TRAIL can be used by CD4+CD25+ 
Tregs and function in a cell- bound fashion, or as a soluble 
trimer to suppress CD4 and CD8 T cell responses.46,47

Several anti- inflammatory genes were upregulated 
in C57BL/6 Tregs compared to C57BL/6 Teff cells (Il10, 
Nt5e, and Lrrc32), and the same was true when compar-
ing FVB/N Treg to FVB/N Teff cells (Il10, Il12a, Nt5e, and 
Lrrc32), and BALB/c Treg to BALB/c Teff (Nt5e, Lrrc32, 
and Ctse) (Figure 4C). Significant increases were also ob-
served in the FVB/N CD4+CD25− expression of Il2, Tgfb1, 
and Ctse, while BALB/c CD4+CD25− cells displayed in-
creased Il10, Ebi3, and Ctse (Figure 4A).

3.6 | Ability of tTregs to maintain Foxp3 
expression differs between strains

Another important aspect of Treg function within a 
biological system is the ability of the Treg to main-
tain its Foxp3+ suppressive phenotype. Several studies 
have shown the expression of Foxp3 can be transient, 
depending on the cell's current environment.48– 52 To 
test the ability of CD4+CD25+ Tregs to maintain Foxp3 

F I G U R E  2  Normal IL- 10 secretion in FVB/N Tregs. 
CD4+CD25− and CD4+CD25+ cells were cultured separately or 
together for 72 h and the supernatants were harvested for ELISA. 
(A) IL- 10 levels were measured by ELISA from the supernatants 
of CD4+CD25− and CD4+CD25+ cells cultured for 72 h. Data are 
representative of 3 independent experiments, with 6 samples per 
group. (B) TGF- β levels of supernatants from cultured CD4+CD25− 
and CD4+CD25+ cells. TGB- β was measured using cultured 
TMLECs and a luciferase reporter. Data are representative of 2 
independent experiments, with 6 samples per group. ***p ≤ 0.001. 
Mean + standard deviation (A) or standard error of the mean is 
shown (B).
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expression, CD4+CD25+ cells were isolated via MACS 
and cultured for 96 h with the cytokines commonly 
used to induce Treg cells in vitro, IL- 2, and TGF- β 
(Figure 5A). The starting population was approximately 
80– 85% Foxp3+ at the beginning of culture. Foxp3 ex-
pression was significantly decreased when FVB/N Tregs 
were cultured with IL- 2 only compared to C57BL/6 
Tregs. FVB/N and BALB/c Tregs were also more able 
to maintain Foxp3 expression upon culture with TGF- β. 
When both IL- 2 and TGF- β were used, all three strains 
were able to maintain a high expression of Foxp3. This 
indicates that each strain may require different factors 
to maintain Foxp3 expression.

3.7 | C57BL/6, FVB/N, and BALB/c- 
activated Tregs display different levels of 
GARP and LAP on the cell surface

Due to the altered expression of GARP and LAP seen 
on freshly isolated splenic Tregs (Figure 3B) and the al-
tered maintenance of Foxp3 expression on CD4+CD25+ 
(Figures  5A) between C57BL/6, FVB/N, and BALB/c 
mice, we next investigated the expression of GARP and 
LAP on activated tTregs. GARP and LAP have both been 
identified on Foxp3+ Tregs.42 TGF- β is produced in a 
complex with LAP, and LAP must be cleaved for TGF- β 
to become active.43 GARP has been shown to be associ-
ated with LAP on the cell surface and GARP is believed 

to be a downstream effector molecule of Foxp3 expres-
sion in humans, although this is less clear in murine sys-
tems.42,44 To study the expression of GARP and LAP on 
activated Tregs, CD4+CD25+ cells were isolated from sple-
nocytes and cultured with or without IL- 2 and/or TGF- β 
for 48 h in the presence of anti- CD3 and anti- CD28. GARP 
and LAP expression on CD4+Foxp3+ cells was then ana-
lyzed by flow cytometry (Figure 5B). In several cases, the 
GARP expression on activated BALB/c Foxp3+ cells was 
increased relative to both the C57BL/6 (IL- 2, TGF- β, and 
IL- 2 + TGF- β cultures) and FVB/N (no cytokine, IL- 2, and 
IL- 2 + TGF- β cultures). LAP was increased on BALB/c 
Foxp3+ cells compared to FVB/N Foxp3+ cells with no 
cytokine, TGF- β, and IL- 2 + TGF- β. The high percentage 
of GARP+ and LAP+ cells in all activated Treg cultures 
suggests the importance of surface TGF- β in the function 
of tTreg cells. Activated Tregs are known to express higher 
levels of GARP than naïve Tregs, explaining the discrep-
ancy in GARP expression between freshly isolated splenic 
cells and cultured tTreg cells.42

3.8 | Differential generation of induced 
Treg cells between C57BL/6, FVB/N, and 
BALB/c naïve CD4+CD25− cells

Next, the ability of CD4+CD25− cells to become Foxp3+ 
iTreg cells was analyzed. Again, these cells were MACS iso-
lated and cultured for 96 h in the presence of IL- 2, TGF- β, 

F I G U R E  3  Phenotypic differences of C57BL/6, FVB/N, and BALB/c Tregs. (A) Foxp3 expression of splenic CD4+ cells of C57BL/6, 
FVB/N, and BALB/c mice. Freshly isolated splenocytes were stained and analyzed. Expression was analyzed using flow cytometry. 
Lymphocytes were gated based on forward scatter/side scatter and then subsequently gated on CD4+ cells. (B) Expression of various Treg 
markers of CD4+Foxp3+ cells. Expression was analyzed using flow cytometry. Lymphocytes were gated based on forward scatter/side scatter 
and then subsequently gated on CD4+Foxp3+ cells. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Data are representative of 3 independent experiments, 
with 4 samples per group. Mean + standard deviation is shown.
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or in combination (Figure 6A). Approximately 2%– 4% of 
the CD4+CD25− starting population was Foxp3+. As ex-
pected, no Foxp3 induction was observed when these cells 
were cultured with no cytokines, or with IL- 2. However, 
upon culture with TGF- β, C57BL/6 CD4+CD25− cells 
generated significantly more Foxp3+ cells than BALB/c 
CD4+CD25− cells. A similar result was observed when 
both IL- 2 and TGF- β were used for culture, and the 
C57BL/6 CD4+CD25− cells generated significantly more 
Foxp3+ cells than FVB/N CD4+CD25− cells as well.

3.9 | FVB/N iTregs express significantly 
less cell surface GARP and LAP

To further investigate the role of GARP and LAP on iTregs, 
MACS isolated CD4+CD25− were cultured with or with-
out IL- 2 and/or TGF- β for 96 h in the presence of anti- CD3 
and anti- CD28. Foxp3, GARP, and LAP expression on 
CD4+ cells were analyzed by flow cytometry (Figure 6B). 
Very few Foxp3+ cells were detected in the no cytokine 
and IL- 2 cultures. When Foxp3+ Treg cells were induced 
utilizing TGF- β or TGF- β and IL- 2, low- level GARP and 
LAP expression was detected on C57BL/6 and BALB/c 

Foxp3+ cells. However, FVB/N cells almost no expression 
of LAP and GARP after iTreg generation. Although the 
population of GARP+ and LAP+ populations was small in 
both the C57BL/6 and BALB/c cultures, this demonstrates 
a potential role for GARP/LAP- associated TGF- β in these 
strains, which is absent in the FVB/N animals.

4  |  DISCUSSION

Most past and current murine regulatory T cell studies 
have been performed on C57BL/6 and BALB/c animals. 
The first Foxp3- GFP reporter mice were generated on the 
C57BL/6 background, providing an excellent tool for in-
vestigating the development and function of Treg cells.53 
However, this has also created a bias toward the C57BL/6 
in the current literature. Recently, differences between 
the C57BL/6 and BALB/c animals have been shown. A 
secreted factor was important for C57BL/6 Treg func-
tion, while target cell apoptosis was a more prevalent 
mechanism in BALB/c Treg suppression.26 Detailed dif-
ferences between Tregs from C57BL/6, BALB/c, and Type 
1 diabetes- prone NOD mice have recently been reported, 
and significant impairment of iTreg function has also 

F I G U R E  4  RNA expression of various Treg markers. (A) mRNA expression of Treg markers on CD4+CD25− Teff cells. Cells were 
cultured for 2 days with anti- CD3 and anti- CD28 stimulation to expand cell numbers. RNA was isolated, cDNA generated, and expression 
analyzed. (B) mRNA expression of Treg markers on CD4+CD25+ Treg cells. Cells were cultured for 2 days to expand cell numbers. RNA 
was isolated, cDNA generated, and expression analyzed. (C) Comparison of mRNA expression of each strain's Tregs relative to Teff cells. 
*p ≤ 0.05; **p ≤ 0.01; ***P ≤ 0.001. Data are representative of 2 independent experiments, with 4 samples per group. Mean + standard deviation 
is shown.
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been demonstrated in the NOD mouse.31,32 In this study, 
we have further investigated the differences in Treg cells 
by examining the Treg phenotype in the FVB/N inbred 
strain compared to C57BL/6 and BALB/c Tregs.

Splenic FVB/N and C57BL/6 Tregs displayed similar 
effectiveness in suppressing Teff cell proliferation when 
co- cultured, suggesting that both strains' splenic Tregs 
can successfully suppress Teff cell activity in a cell- contact 
dependent manner. However, when supernatants from 
FVB/N Tregs were cultured with Teff cells from FVB/N 
or C57BL/6 mice, there was a decreased ability to prevent 
Teff cell proliferation compared to C57BL/6 Treg super-
natant. The inability of the FVB/N Treg supernatant to 

prevent Teff cell proliferation over baseline suggests that 
FVB/N Tregs require cell contact for optimal suppression, 
while C57BL/6 can suppress via secreted factors without 
cell contact.

Our studies show that the immunosuppressive factor 
IL- 10 is secreted effectively by FVB/N splenic Tregs, even 
at higher levels than C57BL/6 Treg cells. This would sug-
gest that IL- 10 is not the critical factor that is produced by 
C57BL/6 Treg cells. Our studies were not able to identify 
the soluble factor produced by C57BL/6 Tregs; however, 
others have identified IL- 35 or TGF- β as likely candidates.26

Also interesting was the extremely high expression 
of the cathepsin E gene, Ctse, in FVB/N splenic Tregs. 

F I G U R E  5  Different expressions of Foxp3, GARP, and LAP in activated Treg cells. (A) CD4+CD25+ Treg cells were isolated from the 
spleen via MACS and cultured for 4 days with anti- CD3 and anti- CD28 stimulation (2 × 106 cells/well in a 96- well round- bottom plate). 
IL- 2, TGF- β, or both were used to maintain the expression of Foxp3 in these cells. Foxp3 expression was analyzed by flow cytometry. 
Lymphocytes were gated based on forward scatter/side scatter and then subsequently gated on CD4 + cells. (B) GARP and LAP expression 
on activated CD4+Foxp3+ tTreg cells. CD4+CD25+ cells were cultured for 2 days with anti- CD3 and anti- CD28 stimulation. Il- 2 and TGF- β 
were added as indicated. After 2 days of culture, Foxp3, GARP, and LAP expression were analyzed by flow cytometry. Lymphocytes were 
gated based on forward scatter/side scatter and then subsequently gated on CD4+Foxp3+ cells. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Data are 
representative of 3 independent experiments, with 4 mice per group. Mean + standard deviation is shown.
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Cathepsin E is utilized to activate TRAIL and induce tar-
get cell apoptosis. TRAIL is effective in both a soluble 
form and bound to the cell surface. The high expression of 
Ctse in both FVB/N and BALB/c CD4+CD25+ cells com-
pared to C57BL/6 cells may highlight the requirement 
of this mechanism in FVB/N and BALB/c Treg cell sup-
pression. The role of TRAIL has yet to be investigated in 
FVB/N Treg function, but BALB/c Tregs have been shown 
to be dependent on Cathepsin E/TRAIL for immunoreg-
ulation.26 Further studies are necessary, but if FVB/N 
Tregs can only utilize cathepsin E/TRAIL present on the 
cell surface, it would support the hypothesis that FVB/N 
Tregs require cell contact for effective suppression. While 
the mechanism of cathepsin E/TRAIL is outside the scope 

of this study, mRNA levels and protein levels have been 
closely linked, supporting the role of cathepsin E/TRAIL 
in FVB/N Treg function.54

Differences were also detected in the phenotype of 
splenic FVB/N and C57BL/6 Foxp3+ Treg cells, as well as 
BALB/c splenic Foxp3+ Treg cells. Interestingly, FVB/N 
animals displayed a significant decrease in Foxp3+ cells, 
indicating that they may have fewer tTreg cells circulating. 
Several differences were also observed in the Foxp3+ cell 
phenotypes. Most notable was the significant decrease in 
LAP and GARP expression of BALB/c and FVB/N Treg 
cells compared to the C57BL/6. Although decreases in 
CD101 and GITR were also observed, the change in LAP 
and GARP is particularly interesting, indicating differential 

F I G U R E  6  Differential iTreg induction and GARP and LAP expression between C57BL/6, FVB/N, and BALB/c mice. (A) In vivo iTreg 
generation. Splenic CD4+CD25− naïve T cells were cultured for 4 days with anti- CD3 and anti- CD28 stimulation (2 x 106 cells/well in a 
96- well round- bottom plate). IL- 2 and TGF- β were used to induce the expression of Foxp3 to generate iTreg cells. Foxp3 expression was 
analyzed by flow cytometry. Lymphocytes were gated based on forward scatter/side scatter and then subsequently gated on CD4+ cells. (B) 
GARP and LAP expression on CD4+Foxp3+ iTreg cells. CD4+CD25− cells were cultured for 4 days to induce Foxp3 expression. After 4 days, 
Foxp3, GARP, and LAP expression were analyzed by flow cytometry. Lymphocytes were gated based on forward scatter/side scatter and 
then subsequently gated on CD4+Foxp3+ cells. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Data are representative of 3 independent experiments with 4 
mice per group, and 3 replicates per mouse. Mean + standard error of the mean shown.
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utilization of cell surface TGF- β. Because GARP and LAP 
have been shown to be associated with both Foxp3 and 
membrane- bound TGF- β expression, decreased levels of 
these proteins could have significant effects on the func-
tion of the Treg cells.42– 44 It is thought that TGF- β may 
act primarily via a cell- surface mechanism, by presenting 
TGF- β to effector cells to initiate immunosuppression.55 
Our data would indicate usage in a cell- contact method by 
FVB/N. C57BL/6 may use increased LAP/GARP to further 
enhance immunosuppression via a cell- contact mech-
anism, and may also utilize TGF- β in a secreted form.56 
This difference in usage may impact the ability to modu-
late LAP/GARP for TGF- β immunosuppression in poten-
tial anti- tumor or autoimmune treatments.57

In addition to altered GARP and LAP expression on 
freshly isolated splenocytes, GARP and LAP levels were 
significantly decreased on FVB/N iTreg cells generated by 
culture with TGF- β or TGF- β + IL- 2. GARP and LAP lev-
els were generally found to be higher on BALB/c tTregs 
that had been activated for 2 days with anti- CD3 and an-
ti- CD28 stimulation.

Taken with the Ctse data, this information suggests the 
C57BL/6 animals may be more dependent upon surface- 
bound TGF- β, while FVB/N Tregs utilize cathepsin E to 
effectively suppress immune cells in a cell contact man-
ner, although additional studies are required to investigate 
the true role of cathepsin E/TRAIL. BALB/c Tregs have 
already been shown to be more dependent upon cathep-
sin E/TRAIL than C57BL/6, so it is not surprising that 
BALB/c Tregs would have different expression of various 
markers.26

The maintenance of Foxp3 expression in CD4+CD25+ 
Treg cells also varied considerably among C57BL/6, 
FVB/N and BALB/c animals. FVB/N cells lost significant 
levels of Foxp3 expression after culture with IL- 2. Because 
Foxp3 expression was maintained relatively well when no 
cytokine was used in culture, this suggests that IL- 2 alone 
may cause a downregulation of Foxp3. This could result 
in these cells becoming Teff cells, and losing the suppres-
sive activity of a Treg cell. This hypothesis is supported by 
the decreased levels of Helios observed in FVB/N mice, 
as Helios has been shown to stabilize the expression of 
Foxp3.5,13,14 We cannot rule out the possibility that a rapid 
expansion of effector T cells may have contaminated the 
initial culture, leading to reduced expression of Foxp3 in 
the culture as Foxp3− cells rapidly divided. Contrary to 
the FVB/N, the C57BL/6 cells lost Foxp3 expression upon 
TGF- β only culture but maintained Foxp3 during IL- 2 cul-
ture. Although it is known that IL- 2 is required for Treg 
survival and expansion, this suggests that this dependence 
may be magnified in C57BL/6 Tregs relative to FVB/N and 
BALB/c Tregs.58,59 BALB/c Tregs maintained relatively 
similar levels in all culture environments, suggesting that 

BALB/c Tregs may be the most stable of the three strains 
examined.

BALB/c, C57BL/6, and FVB/N also display different 
levels of Foxp3 induction in vitro, indicating different 
strategies of Treg sources. BALB/c CD4+CD25− were 
significantly less likely to express Foxp3 after culture 
with TGF- β or culture with IL- 2 + TGF- β than C57BL/6 
CD4+CD25− cells. FVB/N Tregs were also significantly 
less likely to become iTreg cells when cultured with IL- 2. 
These experiments imply that C57BL/6 naïve CD4+CD25− 
cells are more prone to becoming Foxp3+ regulatory T 
cells. Thus, C57BL/6 animals may rely more on the ac-
tivity of pTregs/iTregs to maintain immune homeostasis 
compared to FVB/N and BALB/c mice.

This study continues our understanding of differences 
in splenic Treg phenotype and function between inbred 
mouse strains. Although both C57BL/6 and FVB/N 
splenic Treg cells appear to function similarly in a cell 
contact- dependent environment, FVB/N Tregs display an 
impaired ability to suppress when examining potential se-
creted factors. In addition, the high expression of TGF- β- 
related molecules GARP and LAP on C57BL/6 Tregs, and 
high expression of the cathepsin E gene, Ctse, on FVB/N 
Tregs suggests that these two strains may have different 
cell contact mechanisms of action. Because C57BL/6 mice 
have dominated the current Treg literature, it may be nec-
essary to return to many early Treg studies and examine 
them in light of the differences described in this study. 
Additional avenues of study include the investigation of 
phenotype and function of thymic and peripheral- derived 
Treg cells between inbred mouse strains.

This information could contribute to the further 
understanding of human Treg cells as well. The study 
presented above indicates a strong genetic component 
in the determination of Treg phenotype and function. 
Three inbred strains of mice clearly demonstrate differ-
ent mechanisms of action. Due to the extreme genetic 
heterogeneity of the human population, it is likely that 
there are numerous ways in which human Treg acts, 
varying from person to person. As Tregs develop into po-
tential therapeutic targets, it will be vital to fully under-
stand all the mechanisms of action of human Tregs and 
how they differ from individual to individual, or group 
to group, within a population.37
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