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Proinflammatory Responses in Human CD4+ T Lymphocytes via
Activation of the mTOR Signaling Pathway
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Abstract

Biotin (vitamin B7) is essential for human health because of its involvement, as a cofactor, in a
variety of critical cellular metabolic reactions. Previous studies have shown that biotin deficiency
enhances inflammation, and certain chronic inflammatory diseases are associated with biotin
deficiency; however, the mechanisms that mediate the association between biotin status and
inflammation are not well understood. In this study, we examined the effect of biotin deficiency on
human CD4* T cell responses to determine their role in biotin deficiency—associated
inflammation. Our investigations revealed that anti-CD3/CD28-stimulated CD4* T cells cultured
in biotin-deficient medium secreted significantly enhanced levels of the proinflammatory
cytokines IFN-y, TNF, and IL-17. Expression of the transcription factors T-bet and RORyt was
increased, whereas Foxp3 expression was decreased, in biotin-deficient CD4* T cells. The
percentage of T regulatory cells was also decreased under biotin-deficient condition. A similar
increase in T-bet, RORyt, and proinflammatory cytokine levels, as well as a decrease in Foxp3,
was observed in inguinal lymph nodes of mice fed a biotin-deficient diet relative to pair-fed
controls. Furthermore, differentiation of CD4" T cells toward Th1 and Th17 cells was also
enhanced. In vitro and in vivo investigations indicated that the increased inflammatory response
was due to enhanced activation of the mammalian target of rapamycin signaling pathway in biotin-
deficient CD4* T cells. In summary, these results demonstrate that biotin deficiency enhances the
inflammatory responses in CD4* T cells, which may contribute to inflammation associated with
biotin deficiency.
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Biotin, a member of the water-soluble family of vitamins, plays critical roles in cell
metabolism, proliferation, and survival. This micronutrient acts as a covalently bound
coenzyme for five carboxylases (acetyl-CoA carboxylase a, acetyl-CoA carboxylase f,
pyruvate carboxylase, propionyl-CoA carboxylase, and 3-methylcrotonyl-CoA carboxylase)
that are involved in catalyzing critical steps in glucose, amino acid, and fatty acid
metabolism (1). A role for biotin in the regulation of gene expression (including that of
glucokinase, phosphoenolpyruvate carboxykinase, and ornithine transcarbamylase) has also
been reported (2). Biotin deficiency leads to an array of pathological conditions, including
dermal abnormalities and neurologic disorders (3, 4). Such deficiency occurs in a variety of
conditions, including inflammatory bowel disease, chronic alcoholism, and inborn errors in
biotin metabolism (5-8).

Previous studies, including recent findings from our laboratories, have highlighted the role
of biotin in inflammation (9-13). In our investigations, we have shown that mice deficient in
the intestinal biotin transporter SLC5A6 (all of which develop biotin deficiency) (14), as
well as those that were made biotin deficient via dietary manipulation (12), display active
intestinal inflammation similar to that observed in ulcerative colitis. We have also shown
that, under biotin-deficient conditions, innate immune system cells (dendritic cells) produce
increased levels of proinflammatory cytokines (9). The dendritic cells cultured under biotin-
deficient conditions also primed T cells toward inflammatory Th1/Th17 responses; however,
the direct effect of biotin deficiency on T cell responses was not determined. Reports from
the literature indicate that biotin deficiency affects cytotoxic responses (15, 16), but there is
a scarcity of information regarding the effect of biotin deficiency on CD4* T cell function.
CD4* T lymphocytes play a key role in the induction and regulation of inflammatory
responses. They can be divided into four major subsets (Th1/Th2/ Th17/T regulatory cells
[Tregs]) based on the nature of their cytokine secretion and expression of signature
transcription factors (TFs). Thl cells primarily secrete IFN-y under the control of the TF T-
bet, whereas Th17 cells express the TF RORyt, and IL-17 is the major cytokine secreted by
these cells (17). Th1l and Th17 subsets are considered highly inflammatory and have been
demonstrated to have a major role in inducing autoimmune and inflammatory disorders,
such as inflammatory bowel disease, multiple sclerosis, and rheumatoid arthritis (18). In
contrast, Th2 cells are positive for the TF GATA-3 and produce cytokines IL-4 and IL-5,
which are key players in allergic responses (19). Tregs express the TF Foxp3 and act as
regulators of inflammation (20). The major function of Tregs is to suppress inflammation via
secretion of anti-inflammatory cytokines IL-10 and TGF-p. Enhancing the induction of
Tregs in autoimmune, inflammatory, and allergic disorders is considered an effective mode
of treatment.

Given the critical role of CD4* T lymphocytes in inflammatory responses and the propensity
of biotin deficiency to enhance inflammation, we examined the effect of biotin deficiency on
human CD4* T lymphocyte function in vitro and confirmed our observations in vivo in
mice.
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Materials and Methods

Blood samples and animals

Blood from healthy volunteers was obtained through the Institute for Clinical and
Translational Science, University of California, Irvine. The study was approved by the
Institutional Review Board of the University of California, Irvine. Animal studies described
in this article were carried out at the VA Medical Center (Long Beach, CA) and approved by
their Animal Care and Use Committee.

Preparation of biotin-deficient medium

Serum-free AIM V medium containing gentamicin and streptomycin sulfate was purchased
from Life Technologies. AIM V medium was mixed with streptavidin-agarose beads
(Sigma-Aldrich, St. Louis, MO) at a 50:1 ratio and incubated at room temperature (RT) for
2-3 h to remove any traces of biotin, as described (9, 21). After incubation, medium was
centrifuged at 2000 rpm for 5 min to settle the biotin-streptavidin complex. Subsequently,
biotin-free medium was filtered using a vacuum-driven filtration system. This medium was
considered biotin deficient, whereas the untreated medium was regarded as biotin-sufficient
culture medium.

Isolation of PBMCs

Heparinized peripheral blood collected from healthy volunteers was diluted with HBSS.
Thirty milliliters of diluted blood was carefully layered over 15 ml of lymphocyte separation
solution in a 50-ml conical tube. The sample was centrifuged at 2000 rpm for 20 min at RT
in a swinging bucket rotor without break. The mononuclear cell layer was collected in a
separate 50-ml tube and washed with 20 ml of HBSS by centrifugation at 2000 rpm for 7
min. Supernatant was discarded, and the cell pellet was resuspended in 20 ml of HBSS and
washed three times by centrifugation at 1000 rpm for 5 min. The cell pellet was resuspended
in the appropriate amount of PBS containing 2% FBS and used for isolation of T cells.

Isolation, stimulation, and culture of CD4" T lymphocytes

Human CD4* T cells were isolated from PBMCs using a magnetic particle-based negative-
selection kit (STEMCELL Technologies, Vancouver, BC, Canada). The purity of cells
obtained by this method was routinely >90%. Cells were plated in 0.5 ml of biotin-sufficient
and -deficient AIMV medium in a 48-well culture plate at a density of 0.5 x 106 cells per
well and stimulated with 20 pl/ml anti-CD3/CD28 Dynabeads (Invitrogen). The culture was
incubated in a humidified incubator at 37°C supplied with 5% CO, for 24 and 72 h;
subsequently, the supernatant was collected for cytokine analysis, and cells were harvested
for further analysis.

Cytokine analysis using ELISA

Levels of IFN-y, TNF, IL-10, and IL-17 in the culture supernatant samples were evaluated
using specific ELISA kits (BD Biosciences, San Diego, CA), as per the manufacturer’s
instructions. Briefly, a 96-well plate was coated with 100 ul of specific capture Ab per well
and incubated overnight at 4°C. Wells were washed three times with PBS containing 0.05%
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Tween 20 (PBST-20) and blocked with 200 ul of 10% FBS—-PBS solution per well at RT for
1 h. Wells were washed three times with PBST-20, and 100 pl of diluted sample was added
per well. Serially diluted standards were also added to the appropriate wells along with the
samples and incubated at RT for 2 h. Wells were washed five times with PBST-20, and 100
ul of diluted detection Ab, along with streptavidin-HRP enzyme reagent, was added per well
and incubated for 1 h at RT. Wells were washed again seven times using PBST-20, with a 1-
min soaking time, 100 ul of substrate solution was added to each well, and the plate was
incubated at RT for 20 min in the dark. The reaction was terminated by adding 50 pl of 1 N
HCI per well, and OD was measured at 450-nm wavelength using a spectrophotometer.

Estimation of differential TFs of T cell subsets using quantitative real-time PCR

Total RNA was extracted from anti-CD3/CD28-stimulated human CD4* T cells cultured in
biotin-sufficient and -deficient AIM V medium for 72 h using TRIzol Reagent (Invitrogen),
following the manufacturer’s protocol. cDNA was prepared from DNase I-treated RNA
samples using an iScript kit (Bio-Rad, Hercules, CA). Quantitative real-time PCR was
performed on a CFX96 Real-Time PCR system (Bio-Rad), as per the manufacturer’s
instructions, using gene-specific primers for human T-bet, GATA-3, RORvyt, Foxp3, and
GAPDH (as internal control) (see Table I for a list of all primers). Relative gene expression
was quantified by normalizing Ct values with the corresponding GAPDH value (22-24).

Differentiation of CD4* naive and memory T cells

Intracellular

Human CD4* T cells were isolated from PBMCs using a negative-selection kit
(STEMCELL Technologies). Purified CD4* T cells were sorted into naive (CD4*CD45RA
*CCR7%) and memory (CD4"CD45RA") subsets using a BD FACSAvria Il cell sorter. CD4*
memory and naive T cells were differentiated into Thl and Th17 subsets using CellXVivo
Th1 and Th17 differentiation kits, according to the manufacturer’s protocol (R&D Systems,
Minneapolis, MN). Naive CD4" T cells were differentiated into Tregs by adding 20 ng/ml
each TGF-B and IL-2, along with 10 nM retinoic acid (25).

Naive cells were incubated in a humidified incubator at 37°C supplied with 5% CO, for 6 d,
whereas memory cells were cultured for 3 d. After 3 and 6 d, culture supernatant was
collected for cytokine analysis, and differentiated naive cells were harvested for intracellular
cytokine staining.

staining of IFN-vy, IL-17, and Foxp3

Human naive and total CD4* T cells were stimulated with anti-CD3/CD28 beads and
cultured in biotin-sufficient and -deficient AIM V media for 3-6 d, depending on the
experiments. Cells were harvested and stimulated with 1 pg/ml ionomycin and 10 ng/ml
PMA (Sigma-Aldrich) for 4 h. Brefeldin A (10 ug/ml) was added to the culture at the same
time. Cells were washed with PBS and surface stained with anti-human CD4 PerCP mAb
(BD Biosciences) for 30 min in the dark at RT. After washing with PBS, cells were fixed and
permeabilized using Cytofix/Cytoperm buffer (BD Biosciences), as per the manufacturer’s
instructions. Following the washing step, cells were intracellularly stained with FITC-
labeled anti-human IFN-y and Alexa Fluor 647-labeled anti-human IL-17 mAbs (BD
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Biosciences). FITC-conjugated mouse 1gG,, and Alexa Fluor 647—conjugated 1gG1 were
used as isotype controls.

For staining of Tregs, unstimulated (0 h), stimulated (72 h), and naive (6 d) cells were
collected and surface stained with anti-CD4 and anti-CD25 Abs (BD Biosciences).
Subsequently, cells were permeabilized using BD Foxp3 buffer, as per the manufacturer’s
protocol, and stained with PE-labeled Foxp3 mAbs. PE-conjugated mouse 1gG; was used as
isotype control. Cells were acquired on a BD FACSCalibur flow cytometer, and data were
analyzed using FlowJo software (TreeStar, Ashland, OR).

Cell-proliferation assay using CFSE staining

A total of 1 x 108 CD4* T cells per milliliter was isolated from PBMCs and stained with 2
UM CFSE dye for 10 min at RT. Cells were washed twice with PBS and stimulated with
anti-CD3/CD28 Dynabeads. A total of 0.5 x 10° cells per well was cultured in biotin-
sufficient and -deficient AIM V media for 3 d at 37°C and 5% CO,_ After 3 d, cells were
collected, resuspended in 100 pl of PBS, stained with anti-human CD4 PerCP mAb for 30
min in the dark at RT, and acquired on a BD FACSCalibur flow cytometer. Proliferation was
determined by measuring CFSE dilution. Analysis was performed using FlowJo software.

For measuring cell death, CD4 Ab-stained cells were incubated with 7-aminoactinomycin D
(7-AAD) for 15 min and acquired on a flow cytometer.

Induction of dietary biotin deficiency in wild-type mice

Dietary biotin deficiency was induced in animals, as described previously (12). Briefly,
weight-matched 4-wk-old male C57BL/6J mice (The Jackson Laboratory) were divided into
two groups. The first group was allowed free access to a biotin-deficient diet (containing
30% egg white), whereas the other (control) group was fed an identical amount of diet
supplemented with biotin (20 mg biotin/kg food; both from Dyets). After 16 wk of pair
feeding, the biotin-deficient group developed classic symptoms of biotin deficiency (which
includes alopecia, dermatitis around the mouth, and decreased growth rate), whereas all
mice in the control group were normal and healthy.

Histopathology analysis in cecum of dietary biotin—deficient and pair-fed wild-type mice

The cecum of biotin-deficient mice and their pair-fed controls was collected immediately
after euthanasia and fixed in 10% formalin overnight. Sections of the cecal wall were
embedded in paraffin; H&E-stained slides were prepared by the Long Beach VAMC
Histology Laboratory, as described previously (14). A board-certified anatomic pathologist
performed microscopic evaluation of the blinded slides.

Quantitative real-time PCR of inguinal lymph nodes from diet-induced biotin-deficient mice

Inguinal lymph nodes were harvested from diet-induced biotin-deficient and pair-fed control
mice. A single-cell suspension was recovered from each node, and total RNA was extracted
from these cells using an RNeasy Mini Kit (QIAGEN, Santa Clarita, CA), following the
manufacturer’s protocol. cDNA was prepared from DNase I-treated RNA samples using an
iScript kit (Bio-Rad). Quantitative real-time PCR analysis was performed using a CFX96
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real-time PCR system (Bio-Rad), as per the manufacturer’s instructions, using gene-specific
primers for mouse Foxp3, RORyt, GATA-3, T-bet, and GAPDH (as internal control) (see
Table | for a list of all primers). Relative gene expression was quantified by normalizing Ct
values with the corresponding GAPDH value (26).

Estimation of phospho—mammalian target of rapamycin and phospho—-p70S6 kinase
expression in CD4* T cells

Anti-CD3/CD28-stimulated CD4* T cells were cultured in biotin-sufficient and -deficient
media, with and without rapamycin (100 ng/ml), for 3 d. Supernatant was collected from all
cells and stored for IFN-vy, IL-17, and IL-10 cytokine estimation; cells were resuspended in
100 plI of PBS and surface stained with anti-CD4 mAb for 30 min in the dark at RT. Cells
were washed and fixed with 100 pl of BD Cytofix Buffer | for 10 min at 37°C.
Subsequently, cells were washed and incubated with 250 ul of ice-cold BD Phosflow Perm
Buffer 111 for 30 min at 4°C. After washing with PBS, cells were divided into two halves.
One half was stained with Alexa Fluor 647-labeled anti-human phospho-mammalian target
of rapamycin (mTOR), and the other half was incubated with rabbit anti-human phospho-
p70S6 kinase and then mAb for 30 min in the dark. Cells were washed with PBS and stained
with PE-labeled anti-rabbit secondary Ab for 30 min in the dark at RT. Alexa Fluor 647—
conjugated mouse 1gG; was used as the isotype control. For p70S6 kinase, rabbit anti-
human Ab, followed by PE-labeled secondary Ab, was used as the isotype control. After
washing, cells were acquired on a flow cytometer, and data were analyzed using FlowJo
software.

Estimation of proinflammatory cytokines and phospho-mTOR expression in inguinal
lymph nodes of mice

Inguinal lymph nodes were harvested from diet induced biotin deficient and pair-fed control
mice. Single cell suspension was recovered from the nodes. 2.5 x 10° cells from each sample
were cultured for 12 h in biotin deficient and sufficient RPMI 1640 medium containing 1
pg/ml ionomycin and 10 ng/ml of PMA. Supernatant was collected and level of IFN-y and
IL-17 was estimated using mouse ELISA Kits. Rest of the cells were surface stained with
FITC labeled anti mouse CD4 mAb for 30 min in dark at RT. Cells were washed, fix and
permeabilized using the same method explained above. After washing with PBS, cells were
incubated with rabbit anti-mouse phospho-mTOR Ab for 30 min at RT. Following washing
step, cell were stained with PE labeled anti rabbit IgG secondary Ab for 30 min at RT in
dark. Rabbit anti-human Ab, followed by PE-labeled secondary Ab, was used as the isotype
control for phospho-mTOR. After washing, cells were acquired on a BD FACSCalibur flow
cytometer, and data were analyzed using FlowJo software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software (https://
www.graphpad.com/quickcalcs). Within-group differences between biotin- sufficient and -
deficient conditions were tested using a paired ftest; p< 0.05 was considered significant.
Each experiment was performed with at least four or five donors. Data are mean + SEM of
four or five separate sets of all experiments.
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Results

Biotin deficiency enhances the secretion of proinflammatory cytokines from CD4" cells

Because previous studies (9-12, 27) indicated a role for biotin deficiency in the activation of
the inflammatory response, we determined the effect of biotin deficiency on cytokine
secretion by CD4* T cells. Anti-CD3/CD28-stimulated CD4* T cells were cultured in
biotin-deficient and regular media for 1 and 3 d. Supernatants were collected and assayed for
IFN-y, TNF, IL-17, and IL-10 cytokines using ELISA. As is evident from Fig. 1A,
deficiency of biotin resulted in significantly increased secretion of the proinflammatory
cytokines IFN-y (p< 0.05), TNF (p< 0.05), and IL-17 (p < 0.01) from CD4* T cells
compared with controls at 24 h; this was increased further at 72 h (Fig. 1A). No significant
change in the level of the anti-inflammatory cytokine 1L-10 was observed between the
biotin-sufficient and -deficient groups (Fig. 1A). These results suggest that biotin deficiency
induces an inflammatory response in CD4* T cells.

Secretion of cytokines by CD4* T cells is controlled by different TFs. For example,
increased Th1/IFN-y secretion is associated with enhanced expression of T-bet, whereas
ROR-yt expression dictates Th17/IL-17 secretion (19). Similarly, the TF Foxp3 is a marker
of Tregs, whereas GATA-3 expression is associated with Th2 responses. Therefore, we
confirmed whether the observed increase in the induction of IFN-y, TNF, and IL-17 under
biotin deficiency also led to changes in the expression of TFs in CD4" T cells. We assayed
the effect of biotin deficiency on TFs on CD4* T cells stimulated with anti-CD3/CD28
beads using quantitative PCR (Fig. 1B, Table I). Our results indicate that biotin deficiency
led to significantly enhanced expression of the TF T-bet (p < 0.05) compared with the biotin-
sufficient condition (Fig. 1B), whereas expression of GATA-3 was unaltered (Fig. 1B). The
level of RORyt was also increased significantly (o< 0.05) in biotin-deficient CD4™ T cells
compared with biotin-sufficient CD4* T cells (Fig. 1B). In contrast, the expression of Foxp3
was significantly (p < 0.01) downregulated in biotin-deficient cells compared with biotin-
sufficient cells (Fig. 1B). These observations suggest that biotin deficiency leads to
enhanced expression of the TFs of inflammatory Thl and Th17 phenotypes (T-bet and
RORyt), whereas the expression of Foxp3, a marker of immunological tolerance, is
decreased.

Because the PCR results revealed a decrease in Foxp3 expression (Fig 1B), we determined
whether biotin deficiency led to a decrease in the number of Tregs. The induction of Tregs
was investigated in unstimulated cells (0 h) and anti-CD3/CD28-stimulated CD4* T cells
(72 h), under biotin-sufficient and -deficient conditions (Fig. 1C, 1D), using flow cytometry.
The percentage of CD4*CD25*Foxp3* Tregs was decreased significantly (o< 0.05) in CD4*
T cells cultured in biotin-deficient conditions relative to biotin-sufficient cells (Fig. 1C). The
cumulative percentage of CD4*, CD25*, and Foxp3* cells was also decreased significantly
(p<0.01) in biotin-deficient conditions compared with biotin-sufficient cells (Fig. 1D).
These observations suggest that biotin deficiency enhances the secretion of proinflammatory
cytokines, such as IFN-y, IL-17, and TNF, from CD4* T cells and decreases the induction of
Tregs.
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Biotin deficiency enhances the differentiation of naive and memory CD4* T cells toward
Thl and Th17 cells

Next, we determined whether the observed increase in IFN-y, IL-17, and TNF in biotin-
deficient CD4* T cells was a consequence of increased differentiation toward Th1 and Th17
cells. To investigate this, we evaluated the impact of biotin deficiency on naive and memory
CD4* T cell differentiation toward Th1 cells, Th17 cells, and Tregs. Naive and memory cells
were cultured for 6 and 3 d, respectively, and supernatant was collected and assayed for IFN-
v, IL-10, and IL-17 cytokines (Fig. 2). Naive cells were also stained intracellularly.
Intracellular IFN-y expression in biotin-deficient Th1-differentiated naive CD4* T cells was
upregulated, whereas the expression of IL-17 was not detected (Fig. 2A). The level of IFN-y
in culture supernatants of naive and memory cells was increased significantly (o < 0.05) in
biotin-deficient Thl-differentiated cells, whereas IL-17 was not detected in naive cells, and
no significant changes were found in memory cells (Fig. 2A). Similarly, intracellular 1L-17
expression was increased in biotin-deficient Th17-differentiated naive cells, whereas IFN-y
expression was not detected in the same conditions (Fig. 2B). The level of IL-17 was also
significantly higher (p < 0.05) in the culture supernatants of memory and naive cells;
however, IFN-y was undetectable in naive cells and was comparable in memory cells (Fig.
2B). Expression of CD4", CD25*, and FOXP3™ in naive T cells cultured in biotin-deficient
Treg-differentiation medium was significantly decreased (p < 0.05) compared with biotin-
sufficient cells (Fig. 2C). In keeping with this, IL-10 also displayed a significant decrease (p
< 0.05) in naive CD4* T cells in biotin deficiency, whereas IFN-vy levels were very low and
comparable under both conditions (Fig. 2C). In contrast, IL-10 levels were comparable
between memory T cells cultured under biotin-deficient and -sufficient conditions, and IFN-
v exhibited a significant increase (p < 0.05) in biotin-deficient conditions compared with
biotin-sufficient cells (Fig. 2C). These findings suggest that biotin deficiency enhances the
differentiation of naive and memory CD4* T cells toward Th1l and Th17 cells and decreases
the differentiation toward anti-inflammatory Tregs.

Biotin deficiency decreases the proliferation of CD4" T cells

Because we observed increased differentiation of CD4* T cells toward the Th1 or Th17
phenotype, we investigated whether biotin deficiency also enhanced the proliferation of
CD4* T cells to increase the inflammation. The proliferation of CD4" T cells cultured under
biotin-deficient and -sufficient conditions was determined by measuring CFSE dilution (Fig.
3). Our results indicate that biotin deficiency inhibited the proliferation of CD4* T cells
compared with biotin-sufficient cells (Fig. 3). CD4* T cells cultured under biotin-sufficient
conditions underwent seven divisions (Fig. 3). In contrast, cells cultured in biotin-deficient
medium displayed initial proliferation in the first generation, but cell proliferation decreased
during the subsequent divisions (Fig. 3). The mean fluorescence intensity of each generation
was also found to be lower in the biotin-deficient group compared with the biotin-sufficient
group. Reduced proliferation was not a consequence of cell death under biotin deficiency,
because cell viability was >90% in biotin-deficient and -sufficient conditions, as measured
by 7-AAD staining (Fig. 3B). These data indicated that biotin deficiency leads to a decrease
in CD4* T cell proliferation. Therefore, the increase in the production of inflammatory
cytokines may be due to enhanced differentiation of CD4* T cells toward the Th1 and Th17
phenotypes (Fig. 1).
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Biotin deficiency increases phospho-mTOR and phospho-p70S6 kinase expression in
CD4* T cells

Activation of T cells relies on intra- and intercellular signals from the surrounding
environment, and these signals are assimilated by the evolutionarily conserved serine/
threonine mTOR kinase and its downstream signaling molecule, p70S6 kinase, which
regulates cell growth, proliferation, and survival (28). mTOR signaling has emerged as a
critical inducer of inflammatory responses in CD4* T cells. Because biotin deficiency
enhanced the production of proinflammatory cytokines in CD4* T cells, we evaluated the
expression of phospho-mTOR and p70S6 kinase in CD4™ T cells cultured in biotin-sufficient
and -deficient media (Fig. 4). We also evaluated the effect of the mTOR inhibitor rapamycin
on the expression of these molecules in biotin-deficient cells.

The expression of phospho-mTOR was significantly upregulated in biotin-deficient CD4* T
cells compared with the sufficient group and was inhibited by rapamycin (Fig. 4A).
Similarly, p70S6 kinase exhibited significantly upregulated expression in biotin-deficient
CD4* T cells compared with the sufficient group (Fig. 4B). Addition of rapamycin was also
able to inhibit this upregulation (Fig. 4B).

The levels of IFN-y, IL-17, and 1L-10 cytokines were also assayed in culture supernatants of
biotin-deficient and -sufficient CD4™ T cells treated or not with rapamycin. Production of
IFN-y and 1L-17 was significantly higher (o < 0.05) in biotin-deficient CD4* T cells
compared with the sufficient group (Fig. 4C). However, the levels of IFN-y and IL-17 were
significantly reduced in biotin-deficient cells treated with rapamycin compared with the
biotin-deficient control group (Fig. 4C). The level of IL-10 was comparable in biotin-
deficient and biotin-sufficient cells but was reduced significantly after treatment with
rapamycin (Fig. 4C). These data indicate involvement of the mTOR-mediated signaling
pathway in the increased production of proinflammatory cytokines in CD4* T cells under
biotin-deficient conditions.

Biotin deficiency enhances inflammation in the cecum and alters the expression of Th TFs
and phospho-mTOR expression in inguinal lymph nodes of mice

We further confirmed our observations in vivo in mice by inducing biotin deficiency through
feeding of a biotin-deficient diet. We (12) have previously reported that maximum chronic
active inflammation during biotin deficiency is observed in the cecum. This could be due to
high infiltration of immune cells in the cecum. Therefore, we quantified the number of CD4*
and CD8* T cells in immunostained cecum samples from biotin-deficient mice. The number
of CD4" T cells was significantly increased in the cecum from biotin-deficient mice
compared with the pair-fed control group (Fig. 5A, 5B). The number of CD8* T cells was
also slightly increased (Fig. 5A, 5B) in biotin-deficient mice, but this increase was less
pronounced than the increase in CD4* T cells. Neutrophil infiltration was also visible, which
was described previously (12). These data suggest that CD4* T cells are involved in
enhancing active inflammation in vivo in biotin-deficient conditions.

Next, we determined whether biotin deficiency induced similar changes in TFs in vivo in
CD4* T cells as observed in vitro in human cells. Quantitative PCR of inguinal lymph nodes
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from biotin-deficient mice was used to determine the expression of TFs. Our results indicate
that the expression of TFs for Thl and Th17 (T-bet and RORvyt) was significantly (p < 0.05)
upregulated (Fig. 5C) in biotin-deficient mice. In contrast, the expression of Foxp3 and
GATA-3, TFs for Tregs and Th2, was significantly (p < 0.01) decreased (Fig. 5C) in biotin-
deficient mice compared with the respective control group.

Because we observed increased phospho-mTOR expression in our in vitro study, we further
confirmed this finding in vivo. Expression of phospho-mTOR was significantly increased in
CD4* T cells isolated from the inguinal lymph nodes of diet-induced biotin-deficient mice
compared with pair-fed controls (Fig. 5D). Additionally, the levels of IFN-y and IL-17 were
increased in culture supernatants of CD4" T cells isolated from inguinal lymph nodes of
biotin-deficient mice compared with the pair-fed control group (Fig. 5E). These observations
suggest that biotin deficiency enhances the inflammatory response via activation of the
mTOR signaling pathway in CD4* T cells in vitro and in vivo. Furthermore, these data
indicate that the changes in the proinflammatory response of CD4* T cells are not limited to
the mucosa-associated intestinal immune system but are also present in the systemic distant
lymph nodes.

Discussion

Modern scientific studies have demonstrated the association between immune cell-mediated
inflammatory function and micronutrient-mediated metabolic regulation (29). It has been
well documented that nutritional and metabolic status influences immune cell function. For
example, immune cell-mediated inflammation exhibited a close relationship with metabolic
dysfunction in many pathological conditions, including type 2 diabetes, obesity, and
atherosclerosis (30). Our previous studies indicate a role for biotin in inflammation (9, 12).
In the current study, we examined the effect of biotin status on CD4* T cell functions. Our
investigations revealed that human CD4* T cells cultured under biotin-deficient conditions
develop an inflammatory phenotype. These cells display enhanced secretion of IFN-y, TNF,
and IL-17 proinflammatory cytokines, as well as an increase in the expression of the TFs T-
bet and RORyt. The differentiation of naive and memory T cells toward Thl and Th17
conditions was also enhanced (Fig 2A, 2B). Concomitantly, biotin deficiency decreased the
expression of Foxp3 cells and the number of Tregs. Thus, it appears that biotin deficiency
shifts the balance of Th cell responses toward Thl and Th17 inflammatory cells and away
from Tregs. We had previously reported that dendritic cells cultured in biotin-deficient
medium displayed increased secretion of proinflammatory cytokines and induced Thl and
Th17 responses (9). Earlier studies had also reported enhanced secretion of TNF from
murine macrophages cultured in biotin-deficient conditions (31). Thus, it seems that biotin
deficiency induces an inflammatory phenotype in almost all immune cells.

Previous studies from our laboratories have shown enhanced intestinal inflammation in mice
with deletion of the biotin transporter SLC5A6 (that develop biotin deficiency) and those
made biotin deficient via dietary manipulations (12, 14). Furthermore, biotin deficiency is
observed in patients with Crohn’s disease (32). Thl and Th17 cells are well established as
significant players in Crohn’s disease and colitis (33, 34). The accumulation of CD4* T cells
in the intestine of these mice compared with normal mice confirms the role of biotin
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deficiency in immune-mediated intestinal inflammation (Fig. 5A). In addition, increased
expression of T-bet and RORyt and decreased Foxp3 expression in inguinal lymph nodes of
diet-induced biotin-deficient mice suggest that the effect of biotin deficiency is not localized
to the intestine, which is the site of biotin absorption, but, rather, is systemic. Therefore,
biotin deficiency may be involved in the induction of autoimmune and inflammatory
disorders throughout the body. Th1 and Th17 cells also play a major role in the pathology of
other autoimmune disorders, such as rheumatoid arthritis (34-37). Recent articles have
suggested an association between biotin deficiency and multiple sclerosis, an autoimmune
disorder of the nervous system (13, 38). Thus, increased Th1 and Th17 cell numbers under
biotin deficiency may be one of the mechanisms involved in the increased inflammation
associated with biotin deficiency.

Interestingly, we observe decreased expression of GATA-3, which is not present in human
cells, in murine T cells from inguinal lymph nodes. This could be due to the prolonged
exposure of murine T cells to biotin-deficient conditions. It is well established that T-bet
interacts with GATA-3 to inhibit transcription of Th2 cytokine genes and block Th2
development (39, 40). T-bet expression is upregulated in human and murine CD4* T cells in
biotin-deficient condition. However, repression of GATA-3 by T-bet may not be evident in
human CD4* T cells that are cultured in biotin-deficient conditions for only 72 h, but it is
apparent in murine T cells that have been under continuous biotin-deficient conditions for 4
mo.

mTOR signaling plays a critical role in the determination of T cell fate (41-43). Recent
studies pointed out that, in the absence of mTOR signaling, mouse CD4* T cells were
unable to differentiate into Thl and Th17 cells in vitro or in vivo; however, the tendency of
CD4* T cells to differentiate toward the Th2 subset remains unaltered (44, 45). A recent
study indicates that mTOR is also required for differentiation of human T cells toward Th17
cells, highlighting the importance of this pathway in the differentiation of T cells toward the
inflammatory phenotype (46). Additionally, mTOR-deficient murine naive CD4* T cells
failed to differentiate into any Th lineage but rather differentiated toward inducible Tregs
(47). Interestingly, dysfunction of mTOR signaling has been reported in various human
autoimmune diseases (e.g., enhanced mTOR has been observed in T cells from patients with
multiple sclerosis with a decrease in Treg numbers) (48). mTOR was also found to be
activated in peripheral T cells in patients with systemic lupus erythematosus (49).
Rapamycin is an inhibitor of mTOR signaling; an in vitro study revealed inhibition of IL-17
expression and increased expression of Tregs in systemic lupus erythematosus patients after
exposure to rapamycin (50). Collectively, these observations pointed out the important role
of mTOR in the induction of inflammatory CD4* T cells. Therefore, increased mTOR and
p70S6 kinase expression, as observed in the current investigation in CD4* T cells cultured
under biotin-deficient conditions in vitro and in vivo (Figs. 4, 5), might be responsible for
the enhanced secretion of inflammatory cytokines IFN-y, TNF, and IL-17 and the decreased
percentages of Foxp3-expressing Tregs.

In conclusion, our findings show that biotin deficiency enhances the proinflammatory
response in human CD4* T lymphocytes. It also leads to the activation of mTOR signaling
in CD4™ T cells, which leads to the production of increased levels of proinflammatory
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cytokines IFN-y, TNF, and IL-17 and decreased expression of Tregs. This study provides
insight into the possible mechanism of active inflammation in the gut induced by biotin
deficiency.
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Biotin deficiency enhances proinflammatory cytokine secretion in anti-CD3/CD28-
stimulated CD4* T cells. CD4* T cells were stimulated with CD3/CD28 magnetic beads and
cultured in biotin-deficient and -sufficient AIM V medium for 24 and 72 h. (A) Bar graph
depicts the levels of IFN-y, TNF, IL-17, and IL-10 in the supernatants of CD4* T cells
cultured in biotin+ve (sufficient) and biotin—ve (deficient) media. (B) Bar graphs depict the
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CD4*CD25*Foxp3* Tregs in unstimulated cells and cells stimulated for 72 h. (D) Bar graph
depicts the cumulative percentage of Tregs. Data are mean + SE of six experiments with
different donors. *p < 0.05, **p< 0.01.
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FIGURE 2.
Biotin deficiency enhances the differentiation of naive and memory CD4" T cells toward

Th1 and Th17 cells. Naive and memory CD4* T cells were supplemented with factors
inducing Thl, Th17, and Treg differentiation for 3 d (memory) and 6 d (naive). Intracellular
staining for cytokines was performed after PMA and ionomycin stimulation. Culture
supernatants was harvested, and the level of IFN-vy, IL-10, and IL-17 cytokines was
evaluated by ELISA. (A) Th1l differentiation. (B) Th17 differentiation. (C). Treg
differentiation. Data are mean + SE of five experiments with different donors. *p < 0.05, **p
<0.01.
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FIGURE 4.
Biotin deficiency enhances the expression of phospho-mTOR, p70S6 kinase, and

proinflammatory cytokines in anti-CD3/CD28-stimulated CD4* T cells. CD4* T cells were
stimulated with anti-CD3/CD28 magnetic beads and cultured in biotin-deficient and -
sufficient AIM V medium, with or without rapamycin (100 ng/ml), for 3 d (72 h).
Intracellular levels of phospho-mTOR and p70S6 kinase were determined by flow
cytometry. (A) Phospho-mTOR expression. (B) Phospho-p70S6 kinase expression. (C)
Proinflammatory cytokines in control (B+ve), biotin-deficient (B—ve), B+ve with
rapamycin, and B—ve with rapamycin CD4* T cells. Data are mean + SE of five experiments
with different donors. *p < 0.05; **p < 0.01.
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FIGURE 5.
Biotin deficiency enhances inflammation in the cecum and alters the expression of Th TFs

and phospho-mTOR in inguinal lymph nodes of mice. C57BL/6J wild-type mice were fed a
biotin-sufficient or -deficient diet for 16 wk. Sections of the cecal wall were embedded in
paraffin and stained with H&E (original magnification x40). (A) Infiltration of neutrophils
and CD4* and CD8™* T cells in biotin-deficient and pair-fed control mice (DAB stain). (B)
Number of CD4" and CD8* T cells in control and biotin-deficient mice cecum. (C) Inguinal
lymph nodes were harvested from diet-induced biotin-sufficient and -deficient mice, and
single-cell suspensions were prepared. Expression of TFs T-bet, RORyt, Foxp3, and
GATA-3 was evaluated by quantitative real-time PCR. (D) Expression of phospho-mTOR.
(E) Proinflammatory cytokine level in inguinal lymph nodes isolated from diet-induced
biotin-deficient and pair-fed control mice. Data are mean + SE of five mice. *p< 0.05, **p<
0.01.
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Table |

Quantitative real-time PCR primers

Gene Name Forward and Reverse Primer Sequences (5'-3")  Reference

Human T-bet F: GATGTTTGTGGACGTGGTCTTG (23)
R: CTTTCCACACTGCACCCACTT
Human GATA-3 F: CTCCTCTCTGCTCTTCGCTACC (23)
R: GACTCTGCAATTCTGCGAGCC
Human RORyt  F: CCCACAGAGACAGCACCGA (23)
R: CCCACAGATTTTGCAAGGGA
Human FOXP3  F: CTGACCAAGGCTTCATCTGTG (22)
R: ACTCTGGGAATGTGCTGTTTC
Human GAPDH  F: CGACCACTTTGTCAAGCTCA (24)
R: AGGGGAGATTCAGTGTGGTG
Mouse T-bet F: TTCCCATTCCTGTCCTTCAC (26)
R: CCACATCCACAAACATCCTG
Mouse GATA-3  F: GGAAACTCCGTCAGGGCTA (26)
R: AGAGATCCGTGCAGCAGAG
Mouse RORyt  F: TGAGGCCATTCAGTATGTGG (26)
R: CTTCCATTGCTCCTGCTTTC
Mouse Foxp3 ~ F: CCTGCCTTGGTACATTCGTG (26)
R: TGTTGTGGGTGAGTGCTTTG
Mouse GAPDH  F: TGTGTCCGTCGTGGATCTGA (26)
R: CCTGCTTCACCACCTTCTTGAT

F, forward; R, reverse.
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