Th17 generation.”®'* The RA-dependent generation of gut-
tropic Foxp3 ™" inducible regulatory T cells appears to be
important for oral tolerance.”” " However, the generation of
Th1 and Th17 cells also appears to require RA.'*"” Further-
more, in conjunction with IL-15, RA acts as an adjuvant to
promote Thl-dependent inflammation.”® VA or RA deficiency
also affects the nature of DCs, especially mesenteric lymph
node (MLN)-DCs. RALDH2 expression is nearly absent in
MLN-DCs of VA(-) mice®" The langerin " CD8o ™
CD11L°Y " CD103" DC population increases in M1Ns.*”

Here we unexpectedly found that MLN-DCs of unprimed
VA( =) mice induced the differentiation of naive CD4 ™ T cells
to a distinct subset of inflammatory Th2 cells that particularly
produced high levels of interleukin-13 (IL-13) and tumor
necrosis factor-o. (TNF-at) as well as Th17 cells. IL-6- and OX40
ligand (OX40L)-mediated signals appeared to be required for
the optimal induction of these IL-13-producing inflammatory
Th2 cells, whercas TGF-[3 suppressed the induction. Th17
cytokines contribute to inflammatory and autoimmune dis-
eases,” whereas 1L-13 plays critical roles in inflammatory and
allergic diseases including asthma,”*™*’ ulcerative colitis,”**’
and atopic dermatitis.>® 1L-13 is also a major stimulator of
tissue remodeling and fibrosis in various tissues, including the
liver, lungs, and skin.” Thus, we speculated that MLN-DCs of
VA(=) mice (VA(—)MLN-DCs) may participate in the
induction of oral antigen-specific inflammatory or allergic
responses in an IL-13-dependent manner. Indeed, VA(—)
mice that received repeated oral antigen administration
exhibited IL-13-dependent strong IgGl responses and sub-
sequent IgE responses upon antigen challenge with an adjuvant.
We suggest that RA plays a critical role in the inhibition of
inflammatory or allergic responses to oral antigens partly by
preventing MLN-DCs from inducing IL-13-producing inflam-
matory Th2 cells.

RESULTS
MLN-DCs of VA( — ) mice efficiently induce [L-13-producing
inflammatory Th2 cells and Th17 cells
We first evaluated the ability of DCs obtained from various
lymphoid organs of VA(—) and VA(+) mice to induce
functional naive CD4 ™" T-cell differentiation. VA( — )MLN-
DCs induced T cells to express markedly higher levels of E- and
P-selectin ligands, Ccr2, Cerd, Cer5, and Cer6, but lower levels of
Ccr9 compared with VA(+ )MLN-DCs (Figure la-c). The
proteins encoded by these genes are involved in T-cell homing
to inflammatory sites or the skin.”’ Indeed, T cells activated
with VA( — )MLN-DCs preferentially migrated into inflamed
skin (Figure 1d). In the presence of TGF-B, VA(+ JMLN-DCs
induced the expression of Foxp3 and CD103 on T cells, whereas
VA(—)MLN-DCs induced the weak expression of these
molecules (Figure le). VA deficiency had a much Jesser
impact on the ability of DCs from other lymphoid organs to
induce T cells to express these molecules, except for splenic
(SPL)-DCs, and induce Ccr4 expression (Figure 1a,b).

T cells induced by VA( — )MLN-DCs produced higher levels
of IL-4, IL-9, IL-13, IL-17A, IL-21, and TNF-c upon activation
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than those induced by VA{+)MLN-DCs (Figure 2a). In
particular, [L-13 and TNF-« levels were strikingly higher. Most
of the TL-13-producing T cells expressed TNF-o but not
interferon-y (IFN-y) or 1L-17A (Figure 2b), suggesting that
these T cells were inflammatory Th2 cells. However, they
produced low levels of IL-5 unlike previously described
inflammatory Th2 cells (Figure 2a).”® Thus, these IL-13-
producing T cells appear to be a distinct subset of inflammatory
Th2 cells. On the other hand, T cells induced by DCs from
Peyer’s patches (PPs) of VA( — ) or VA(+ ) mice produced low
levels of cytokines except for IFN-v (Figure 2a). T cells induced
by DCs from the skin-draining peripheral lymph nodes (PLNs)
of VA(~ ) mice produced significantly higher levels of IL-17A,
IL-21, and TNF-¢, and lower levels of IFN-y, IL-4, and IL-10
than those induced by VA(+)PLN-DCs. T cells induced by
VA( - )SPL-DCs produced higher levels of IFN-y and 1L-10
than those induced by VA( 4 )SPL-DCs, but their production
levels of other cytokines were low. These results suggest that
VA deficiency facilitates PLN-DCs to induce Th17 cells, but
most strikingly affects the nature of MLN-DCs and causes them
to induce IL-13-producing inflammatory Th2 and Th17 cells
that express homing receptors for inflammatory sites or
the skin.

VA deficiency enhances inflammatory signatures in
conventional DCs (cDCs) of MLNs

VA(— )MLN-DCs expressed higher levels of 116, 111 2b (encodes
[L-12p40), and Tnfsf4 (encodes OX40L), but lower levels of
1110, Tgfbl, and Mmp9 (encoding matrix metallopeptidase 9
that activates TGF-f) compared with VA(-+)MLN-DCs
(Figure 3a). Thus, VA(— )MLN-DCs may have a predomi-
nant inflammatory nature.

B2207 ¢DCs from VA( — )MLNs expressed higher levels of
CD40, CD86, and major histocompatibility complex class II,
but lower levels of CDD103 than those from VA(+ )MLNs
(Figure 3b). On the other hand, VA deficiency did not
significantly affect the surface marker expression on PP-cDCs
or B2207* plasmacytoid DCs (pDCs) of MLNs (Supplemen-
tary Figure S1 online). In PP-pDCs, however, VA deficiency
increased the proportion of CCR9"CD8a™CD40~
CD80~ CD86 ~ major histocompatibility complex class 11"
cells (Supplementary Figure S1b), the phenotype of which

. resembled that of tolerogenic CCR9 ™ pDCs.”” The VA status

did not significantly affect surface marker expression on
SPL-DCs and PLN-DCs (data not shown). These results
collectively suggest that VA deficiency increases the proportion
of inflammatory mature or activated cells in the MLN-cDC
population.

The CD8a " CD11b*CD103~ cDC subset of MLNs in

VA( - ) mice instructs naive CD4* T cells to differentiate
into lL.-13-producing inflammatory Th2 cells in an
IL-6-dependent manner

To identify the DC subset responsible for IL-13-producing
inflammatory Th2 induction, we fractionated VA(—)MLN-
DCs (Figure 3c). VA deficiency most strikingly affected surface
marker expression in the CD8a ~ CD11b " CD103 ™ ¢DC (R2)
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Figure 1 Dendritic cells (DCs) from mesenteric lymph nodes (MLNs) of vitamin A-deficient (VA( — }) mice instruct T cells to express homing receptors
for inflammatory sites or skin, (@) CD4 * T cells from DO11.10/Rag2~'~ mice were stimulated with ovalbumin (OVA) peptide and DCs from Peyer’s
patches (PPs), MLNs, peripheral lymph nodes (PLNs), or spleens (SPLs) of VA( + ) or VA( — ) mice. Expression of E- and P-selectin ligands onthe T cells
was analyzed by flow cytometry. Data are expressed as mean fluorescence intensities (MFls). (b) mRNA expression of chemokine receptors in CD4
T cells stimulated as above was analyzed by real-time PCR. Levels of relative mRNA expression are shown. (¢) CD4 ™ T cells were stimulated with OVA
peptide-pulsed DCs from the indicated tissue of VA( +) or VA( — ) mice. Relative Ccr@ mRNA expression in the T cells is shown. (d) CD4 ™ T cells were
stimulated with MLN-DCs from VA( +) or VA( - ) mice as in a, and were differentially labeled with 5-¢hloromethylfluorescein diacetate (CMFDA) and
SNARFE-1 carboxylic acid acetate succinimidyl ester (SNARF-1). Equal cell numbers of each preparation were mixed and injected intravenously into
recipient mice with preexisting cutaneous inflammation in ears induced by 2,4-dinitro-1-fluorobenzene-induced delayed hypersensitivity, After 16 h, the
transferred cells were recoverad from recipient tissues and analyzed by flow cytometry. Representative flow cytometry dot plots are shown. The ratios of
SNARF-1* cellssCMFDA™ cells from MLNs and both ears (inflamed skin) are shown as mean + s.e.m., n=4 recipient mice. *P<0,05. (e) Flow
cytometric analysis of forkhead box P3 (Foxp3) and CD103 expression in CD4™* T cells stimulated with OVA peptide and the indicated DCs in the
presence of transforming growth factor-. Data are presented as mean + s.d. of quadruplicate samples. Representative results from three independent
experiments are shown. ***FP<0.001.

subset (Figure 3d). The R2 subset expressed 1I6, I112b, and
Tnfsf4, but only low levels of 111 2a (encodes IL-12p35) and 1123a
(encodes 1L-23pl19) (Figure 3e). VA deficiency especially
enhanced the expression of [l6, I112b, and Twnfsf4. 1L-13-
producing cells were induced most strongly by R2, moderately
by the CD8c~ CD11b ™ CD103 * ¢DC (R3) subset, and weakly
by the other ¢DC subsets (Figure 4a). However, IL-17A-
producing cells were induced most strongly by R3 and slightly
less strongly by R2. Both R2 and R3 induced TNF-a-producing
cells. IFN-y-producing cells were most efficiently induced by
the CD8x "CD11b~ ¢DC (R1) subset and less efficiently by
R2 (Figure 4a). T cells stimulated with R2 or R3 expressed
Ccr2, Cerd, Cer5, and Ccr6 (Supplementary Figure S2a)
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and high levels of E- and P-selectin ligands (Supplementary
Figure S2b). The results suggest that R2 and R3 most efficiently
induce IL-13-producing inflammatory Th2 and Thl7,
respectively, and that these T cells are tropic to the skin or
inflammatory sites.

We then analyzed the mechanism of IL-13-producing
inflammatory Th2 induction by R2. An IL-6-neutralizing
antibody inhibited the induction of IL-13-, IL-17A-, or TNF-a-
producing T cells (Figure 4b). Neutralizing antibodies against
IL-12p40 and 1L-23pl9 suppressed the induction of IL-13-
producing cells but not of IL-17A-producing cells. The results
suggest that IL-6 and monomeric IL-12p40 or its homodimer
IL-12p80 participate in IL-13-producing inflammatory Th2
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ARTICLES

a
50 1 IFM-y 8 11L-4 109 1L-5 O VA(+)
40 6 0.8 | B VA(-)
30 0.6
4 dedde
20 HRE 1 0.4
10 2 i [ ’i 02 NS
E 207 L9 8 yIL-10 129 |L-13
o FhH
2 I
. 6
% 1.5 8
3 1.0 o 4
8 4
(o
S 05 l ﬁl 2 M
£
-
g 0.0 4 0+ 0 A
12 7 IL-17A 4 7121 10 4 TNF-&r
3 8 FhH
8 6
2 HEE
4 ok 4
1 2 }
0 = 0 0
PP  MLN PLN SPL PP  MLN PLN SPL PP MLN PLN SPL
b, . . .
o o o1 0894013~
=} 2 27
vam | e o ®3
B B
2, ; . ..o
10% T LT AR Ut “m" W 2wt 1et
o %
3 8.63 £ 047 | —
=1 S
VAR) | e ES
S») Vg ':t_) ,1 e
. i P - e
BT R Dt it T B A S T
IFN-y IL-17A TNF-0t

Figure 2 Dendritic cells (DCs) from mesenteric lymph nodes (MLNs) of vitamin A-deficient (VA( -

)). mice lnstmct T cells to differentiate into

interleukin-13 (IL-13)-producing inflammatory T helper type 2 (Th2) cells. (a) CD4 * T celis from DO 11, 10/Rag£.’“ ~ mice were stimulated with ovalbumin

(OVA) peptide and DCs from Peyer's patches (PPs), MLNs, peripheral lymph nodes (PLNs), or spleens (SPLs) of VA( +

+) or VA( - ) mice, and were

restimulated with immobilized monoclonal antibodies to CD3 and CD28. Cytokine concentrations in the supernatants were assessed by enzyme-linked
immunosorbent assay. Data are presented as mean + s.d. of quadruplicate samples, *P<0.05; ***P<0.001; NS, not significant. Representative
results from three independent experiments are shown, IFN-y, interferon-y. (b) CD4™ T cells were stimulated with OVA peptide and MLN-DCs

from VA(+) or VA(—

) mice, and were restimulated with immobilized anti-CD3 and soluble anti-CD28 in the presence of monensin. Representanve

flow cytometry dot plots (from three independent experiments) of intracellular cytokine expression are shown. The percentdge of IL-13 " tumor

necrosis factor (TNF)-a*

induction and that IL-6 but not IL-12p40 is required for Th17

induction. The balance between the IL-13-producing
inflammatory Th2 and Thl17 subsets in T cells stimulated
with VA(— )MLN-cDCs slightly varied according to the
experiments. OX40L expression on DCs is known to
contribute to the induction of inflammatory Th2 cells.’® An
OX40L-blocking antibody partly inhibited the ability of R2 to
induce IL-13-producing T cells, but enhanced its ability
to induce IL-17A-producing T cells (Figure 4b). These
results suggest that IL-6 is essential for the induction of

Mucosallmmunology | VOLUME 7 NUMBER 4 | JULY 2014

cells is shown as mean * s.d. of quadruplicate samples. ***P <0.001.

both IL-13-producing inflammatory Th2 and Th17 cells, and
that OX40L-mediated signals affect the IL-13-producing
inflammatory Th2/Th17 balance.

RA receptor (RAR)-mediated signals prevent MLN-DCs
from inducing IL-13-producing inflammatory Th2
differentiation

RAR-mediated signals can contribute to DC homeostasis in an
autocrine or paracrine manner in the MLNs of normal and
VA(+) mice. Indeed, RA prevented VA( — )MLN-DCs from
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Figure 3 The CD8a~CD11b*CD103~ subset of conventional dendritic cells (cDCs) from mesenteric lymph nodes (MLNs) of vitamin A-deficient
(VA(—)) mice exhibits more inflammatory phenotypes than VA( +)MLN-DCs. (a) Relative mRNA expression of indicated genes in total CD11¢™
cells from MLNs of VA(+ ) and VA({ - ) mice. Data are presented as mean + s.d. of triplicate samples. Representative results from three independent
experiments are shown. *P<0.05; ™P<0.01; ***£<0.001; NS, not significant. (b) Representative flow cytometry histograms (from three
independent experiments) of the expression of the indicated molecuies on gated B220 ~CD11¢™* ¢DCs from MLNs of VA( + ) (solid line) and VA( — } mice
(shaded histogramy). (¢) Scheme for sorting MLN-DC subsets from VA( +) and VA( — ) mice. Left dot plots show division of B220 ~CD11c™ ¢DCs into
two major CDBa ™ (R1) and CD8« ™ subsets. CD8a~ ¢DCs were further subdivided into CD11b¥CD103~ (R2), CD11b*CD103™ (R3), and
CD11b~CD103* {R4) subsets. (d) Representative flow cytometry histograms (from three independent experiments) of the surface expression

of the indicated molecules on MLN-DC subsets from VA(+) (solid line} and VA( —) mice (shaded histogram). {e) Relative mRNA expression

of the indicated molecules in MLN-DC subsets from VA{ + ) and VA{ — ) mice. Data are presented as mean + s.d. of triplicate samples. Representative
resulis from three independent experiments are shown. ’
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inducing T cells that produced high levels of 1L-13, 1L-17A,
TNF-a, or IFN-y (Figure 5a). However, the RAR antagonists
LE135 or LE540 enhanced the ability of MLN-DCs of normal
mice to induce JL-13-, IL-17A-, or TNF-a-producing T cells
(Figure 5b). In the presence of LEI135 or LE540, the
CD8x~ CDI1b"CD103 ™ (R2) MLN-cDC subset of normal
mice induced T cells that produced high levels of IL-13, [L-17A,
and TNF-« (Figure 5¢). IL-17A-producing T cells were also
induced by the CD8a = CD1 tb*CD103™" (R3) subset in the
presence of LE540, but not by the CD8a " CD11b = CD103 /™"

ARTICLES

(R1) and CD8x " CD11b ~ CD103 " (R4) subsets. R1 induced
[FN-y-producing T cells in the presence of LE135. Importantly,
cach ¢cDC subset was differentially affected by RAR antagonists
with regard to the induction of cytokine-producing T cells. The
LE540-dependent normal R2-mediated induction of IL-13-,
1L-17A-, and TNF-¢-producing T-cell subsets was abrogated
by a neutralizing antibody against IL-6 and partly abrogated by
an antibody against IL-12p40 (Figure 5d). A blocking antibody
against OX40L partly inhibited the induction of IL-13- and
TNF-¢-producing T cells but not of 1L-17A-producing T cells.

1L-13 25 IL-4 25 IL-5

20 20 20
15 15 15
10 10 10

Cytokine {ng mi{~") ————>
o ow»
<c o,
o ow;

8 IL-17A s TNF-ot is IFN-y
6 6 10
4 4
2 2 5
0 0 0
R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4
IL-17A IFN-y
500 § wsxx 400
" 300
200
100
0
..\..
(&9 ;
¥

Figure 4 The CD8x~ CD11b*CD103~ subset of conventional dendritic cells (¢cDCs) from mesenteric lymph nodes (MLNs) of vitamin
A-deficient (VA( — )) mice most efficiently induces interleukin-13 (IL-13)-producing inflammatary T helper type 2 (Th2) differentiation. (a) CD4™ T cells
from DO11.10/Rag2 ™'~ mice were stimulated with ovalbumin (OVA) peptide and MLN-DC subsets (R1, CD8x " CD11b ~CD103+/~ ¢DCs;

R2, CD8a~CD11b"CD103 ™ ¢DCs; R3, CD8x " CD11b " CD103™" ¢DCs; R4, CD8x~CD11b~ CD103™ ¢DCs) from VA(-) mice, and were
restimulated with immobilized monoclonal antibodies (mAbs) to CD3 and CD28. Cytokine concentrations in the supernatants were assessed by
enzyme-linked immunosorbent assay (ELISA). (b) CD4 " T cells were stimulated with OVA peptide and CD8u~ CD11b*CD103~ (R2) subset of
MLN-cDCs from VA( - } mice in the presence of anti-OX40L, anti-IL-6, anti-IL-12p40, anti-IL-23p19, or isotype control mAbs, and were restimulated
with immobilized mAbs to CD3 and CD28. Cytokine concentrations in the supernatants were assessed by ELISA. Results are shown as the
percentage of the control culture with the isotype control mAb. Data are presented as mean + s.d. of quadruplicate. **P<0.01; " P<0.001;

NS, not significant vs. control mAb. Representative resuits from three independent experiments are shown.

Figure 5 Retinoic acid receptor (RAR}-mediated signals prevent dendritic cells (DCs) of mesenteric lymph nades (MUNs) from inducing
interleukin-13 (IL-13)-producing inflammatory T helper type 2 (Th2) differentiation. (a) CD4 * T cetls from DO11.10/Rag2™'~ mice were stimulated with
ovalbumin (OVA) peptide and MLN-DCs from vitamin A-deficient (VA({ - )} or VA(+) mice in the presence or absence of RA, and restimulated
with immobilized monoclonal antibodies (mAbs) to CD3 and CD28. Cytokine concentrations in the supernatants were assessed by enzyme-linked
immunosortient assay (ELISA). *P<0.05; **P<0.01; *** P< 0.001; NS, not significant. (b) CD4™ T cells were stimulated with OVA peptide and (b) wholg
MLN-DCs or {¢) MLN-DC subsets (R1, CD8x* CD11b~CD103*%/~ ¢cDCs; R2, CD8a ~CD11b " CD103~ cDCs; R3, CD8x~CD11b*CD103* ¢DCs;
R4, CD8x "CD11b " CD103™ ¢DCs) of normal mice in the presence or absence of LE135 or LE540, and were restimulated with immobilized mAbs
to CD3 and CD28. Cytokine concentrations in the supernatants were assessed by ELISA. *P<0.05; **P<0.01; ***P<0.001 vs. absence of
LE135 and LE540. {d) CD4™* T cells were stimulated with OVA peptide, LE540, and the CDBx ~CD11b*CD103 ~ (R2) subset of MLN-cDCs from
normal mice in the presence of anti-OX40L, anti-IL-6, anti-IL-12p40, or isotype control mAbs, and were restimulated with immobilized mAbs to
CD3 and CD28. Cytokine concentrations in the supernatants were assessed by ELISA. Results are shown as the percentage of the control
cuiture with the isotype control mAb. *P<0.05; **P<0.01; ""*P<0.001; NS, not significant vs. control mAb. Data are presented as mean +s.d.
of gquadruplicate samples. Representative results from three independent experiments are shown.
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These results suggest that in normal mice, MLN-DCs possess  IL-6 instructs naive T cells to differentiate into

the latent ability to induce IL-13-producing inflammatory Th2  IL-13-producing inflammatory Th2 cells

and Th17 cell differentiation, and that RA prevents the We examined whether IL-6 and other molecules could directly
differentiation of these T cells by modulating the nature of ~ induce IL-13-producing inflammatory Th2 differentiation.

MLN-cDGCs, especially R2 and R3. In a DC-free culture system, naive CD4™ T cells that were
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Figure 5 For caption please refer page 791.
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Figure 8§

Interleukin-6 (IL-6) instructs naive T cells to differentiate into IL-13-producing inflammatory T helper type 2 (Th2) cells. CD4 ™ T cells

from BALB/c mice were stimulated with immobilized monocional antibodies (mAbs) to CD3 and CD28 in the presence or absence of (a) IL-6, [L-12p70,
IL-12p80 (10ngmi~"), immobilized agonistic anti-OX40 or Rat IgG1 isotype control mAbs (10ugml "), or (b) IL-6 and/or transforming growth
factor-p (TGF-B). The cells were restimulated with immobilized mAbs to CD3 and CD28, and cytokine concentrations in the supernatants were
assessed by enzyme-linked immunosarbent assay (ELISA). (¢) CD4* T cells from DO11 10/Rag2™'~ mice were stimulated with ovalbumin
peptide and dendritic cells of mesenteric lymph nodes (MLNs) from normal mice in the presence or absence of IL-6, IL-12p70, IL-12p80 (10ngmi ~7),
soluble anti-OX40, or Rat IgG1 isotype control mAbs (10 ugmi ™), and were restimulated with immobilized mAbs to CD3 and CD28. Cytokine
concentrations in the supernatants were assessed ELISA, Data are presented as mean + s,d. of triplicate samples. *F<0.05; **P<0.01; ***P<0.001.

Similar results were obtained from three independent experiments.

stimulated with antibodies against CD3 and CD2§ in the
presence of IL-6 differentiated into T cells that produced high
levels of IL-13 and TNF-a, and lower levels of IL-17A, IL-4, and
IL-5 (Figure 6a). IL-6 also enhanced the induction of [FN-vy-
producing T cells but was much less efficient than IL-12p70. On
the other hand, TGF-§ inhibited the IL-6-dependent induction
of IL-13-producing T cells, but reciprocally enhanced the
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induction of [L-17A-producing T cells (Figure 6b). Similar
results were obtained with naive CD4™ T cells of C57BL/6
mice (Supplementary Figure 83). A plate-bound agonistic
anti-OX40 antibody failed to affect T-cell cytokine produc-
tion. However, the anti-OX40 antibody facilitated normal
MLN-DCs to induce T cells that produced high levels of IL-4,
IL-5, IL-13, and TNF-a (Figure 6c). 1L-12p80 moderately
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facilitated MLN-DCs to induce Th2 cells. However, the
addition of IL-6 rather suppressed the induction of IL-13-
producing T cells, and enhanced the induction of IL-17A-
producing T cells. TGF-p from MLN-DCs may contri-
bute to this result. These findings collectively suggest that
IL-6-dependent signals are essential for the specific induction
of IL-13-producing inflammatory Th2 and that TGF-§
can regulate IL-13-producing inflammatory Th2 induction.
On the other hand, OX40-mediated signals and IL-12p80
likely contribute to skew T cells toward general inflammatory
Th2 or Th2-related cell subsets, including IL-13-producing
inflammatory Th2.

Proximal colon epithelial cells in VA-deficient mice produce
TNF-a that can instruct DCs to express OX40L

VA deficiency also affects the nature of intestinal epithelial cells,
and can direct them to produce inflammatory cytokines that
induce OX40L expression in DCs.*****® Indeed, VA deficiency
markedly enhanced TNF-a expression in proximal colon
epithelial cells (Figure 7a,b). As lymph from the proximal
colon drains into the MLNs, TNF-a production may affect the
nature of MLN-DCs. TNF-a induced the expression of OX401,
CD40, and CD86 in murine fms-related tyrosine kinase 3 ligand
(Flt3L)-generated bone marrow (BM)-DCs and the production
of low levels of IL-6, and RA partly suppressed this induction
except for CD40 and IL-6 (Figure 7c,d). TNF-a-treated BM-
DCs instructed T cells to produce extremely high levels of TL-4,
IL-5, and IL-13 in an OX40L-dependent manner (Figure 7e
and f). RA partly suppressed this production. Thus, in VA(—)
mice, TNF-a may enhance the ability of MLN-DCs to induce
general inflammatory Th2 cells. Accordingly, injections of anti-
TNF-o antibody into VA(—) mice for 2 weeks tended to
downregulate this ability (data not shown). These results
suggest that VA or RA can also regulate the nature of MLN-DCs
by suppressing both TNF-o production in the proximal colon
and TNF-o signaling in MLN-DCs.

IL-33-expressing cells and thymic stromal lymphopoietin-
expressing cells were detected in the MLNs, PPs, small intestine,
and proximal colon of unprimed VA( — ) mice as frequently as
that in VA(+) mice. However, VA deficiency increased the
number of IL-33-expressing epidermal cells in the ear (data not
shown). IL-33, but not thymic stromal lymphopoietin, induced
the CD86, IL-6, and low levels of OX40L and CD40 expression
in BM-DCs, and RA partly suppressed this induction
{Supplementary Figure $4 and data not shown).

VA deficiency increases the risk of strong immune
responses fo oral antigens

As MLN-DCs can present oral antigens, we re-examined
whether VA deficiency affected oral tolerance, using a classical
system of tolerance induction. Mice received repeated intra-
gasiric administration of ovalbumin (OVA), followed by
challenges of OVA with an adjuvant. In VA(+) mice,
regardless of the route of challenge, repeated OVA adminis-
tration significantly reduced the OVA-induced proliferation of
draining MLN or PLN cells in vitro compared with saline
administration (Figure 8a-c). In VA(—) mice, however,
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repeated OV A administration did not significantly reduce cell
proliferation (Figure 8a-c), except for PLN-cell proliferation
when assessed 1 week after the subcutaneous challenge
(Figure 8¢, left). The latter result agreed with a previous obser-
vation under similar conditions.”” However, PLN cells obtained
from OVA-fed VA(—) mice 2 weeks after the subcutaneous
challenge proliferated equally to those obtained from saline-fed
control mice (Figure 8¢, right) as reported previously."”
Unexpectedly, however, MLN cells obtained from OVA-fed
VA(—) mice 1 week after intraperitoneal (i.p.) challenge
exhibited higher proliferation levels than those from saline-fed
control mice (Figure 8a). After repeated OVA feeding, CD4™
T cells from the MLNs and SPLs of VA(—) mice, but not
VA(+ ) mice, produced significant levels of IL-13 and IL-17A
upon antigenic stimulation (Figure 8d), indicating that antigen
feeding can induce antigen-specific IL-13-producing T cells
and IL-17A-producing T cells in VA(—) mice.

Repeated oral antigen administration primes strong
antibody responses

In VA(+ ) mice, OV A feeding suppressed the serum and fecal
antibody responses after two i.p. challenges as expected
(Figure 9a,b). However, OVA-fed VA(—) mice exhibited
aberrantly high serum levels of anti-OVA IgGl and IgG2a
responses (Figure 9a). The total IgG1 and IgG2a concentrations
in the sera of these mice reached 6-10mgml~ ' and
2.0-2.2mgml "', respectively. The anti-OVA IgA levels in
the sera of these mice were also significantly higher than those in
OVA-fed VA(+) or saline-fed VA(— ) mice. Furthermore,
significant anti-OV A IgE responses were induced in OVA-fed
VA(— ) mice. In these mice, a single intradermal OV A injection
elicited ear swelling that peaked at ~6h after the OVA
challenge (Figure 9¢,d), suggesting that IgE-mediated and mast
cell-dependent immediate-type allergic inflammation was
induced. Two ip. challenges, however, spontaneously
induced deaths in some VA(—) mice. Elevated antibody
responses in the OVA-fed VA( — ) mice were already observed
after the first i.p. challenge (Supplementary Figure §5). These
results suggest that repeated oral antigen administration
strongly primes VA(—) mice for antigen-specific antibody
responses, especially IgGl responses, and eventual IgE
responses that cause allergic skin inflammation. In saline-fed
control mice, however, VA deficiency suppressed the OVA-
specific serum antibody and fecal IgA antibody responses, as
expected (Figure 9a,b). Fecal anti-OVA IgG1 antibodies were
detected in OVA-fed VA( — ) mice (Figure 9b), suggesting that
the intestinal mucosal barrier functions were reduced in VA( — )
mice after repeated antigen administration.

IL-13 is essential for anti-OVA IgG1, IgA, and IgE antibody
responses in OVA-pre-fed VA(—) mice

IL-13 and IL-21 promote IgG1 antibody production, whereas
IL-17A and IL-21 promote IgG2a antibody production.”®”’
Thus, IL-13-producing inflammatory Th2 or Th17 cells may
contribute to oral antigen-specific IgG1 and IgG2a antibody
responses. To examine the role of IL-13 in antibody responses,
sera were obtained from 1137/~ VA( —) mice after repeated
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Figure 7 Proximal colon epithelial cells in vitamin (VA)-deficient mice produce tumor necrosis factor-o (TNF-a) that can instruct bone marrow-derived
dendritic cells (BM-DCs) to express OX40L and induce general inflammatory T helper type 2 (Th2) cells. (a) Representative immunofluorescence
micrographs of TNF-o expression (red) in proximal colons from VA(+) and VA(—) mice {(n= 4 mice/group). Cell nuclei were visualized with
TO-PRO-3 (blue). (b) Relative Tnf mRNA expression in proximal colon epithelial cells from VA(4) and VA({ —~) mice {n=15 mice/group). Data are
presented as mean + s.e.m. for each group, *P<0.05. (c—e) BM-DCs generated by fms-related tyrosine kinase 3 ligand were treated with TNF-o in the
presence or absence of retinoic acid (RA). {€) Expression levels of costimulatory molecules on the treated BM-DCs were analyzed by flow cytometry . Data
are expressad as mean fluorescence intensities (MFis). (d) Cytokine concentrations in the supernatants were assessed by enzyme-linked
immunosorbent assay (ELISAY. {e) CD4 * T gells from DO11.10/Rag2™ '~ mice were stimulated with ovalbumin (OVA) peptide and the treated BM-DCs,
and were restimulated with immobilized monoclonal antibadies (mAbs) to CD3 and CD28. Cytokine concentrations in the supernatants were assessed by
ELISA. (f) CD4™ T cells were stimulated with OVA peptide and the treated BM-DCs in the presence of anti-OX40L, anti-IL-6, anti-IL-12p40, or
isotype control mAbs, and were restimulated with immobilized mAbs to CD3 and CD28, Cytokine concentrations in the supernatants were assessed by
ELISA. Results are shown as the percentage of the control culture with the isotype control mAb, *P<0.05; **P<0.01; ™" P<0.001; NS, not significant vs.
control mAD. Data are presented as mean + s.d. of quadruplicate samples. Representative results from three independent experiments are shown.

OV A administration, followed by oral challenges. The observed  essential to enhance IgG1, IgA, and IgE responses but not IgG2a

anti-OVA IgGl, IgA, and IgE responses were low (Figure 10a).
On the other hand, 113 deficiency did not affect anti-OVA
IgG2a responses. Similar results, with stronger responses, were
obtained from mice that received i.p. challenges with alum (data
not shown). The results suggest that in VA( — ) mice, [L-13 is
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responses. OVA prefeeding suppressed the OVA-induced
proliferation of MLN cells from VA(+)and VA( —) 1113~ ‘=
mice that received intragastric OVA administration and
aduvant (Figure 10b), suggesting that IL-13 is not required
for the induction of oral tolerance in T cells of VA( + ) mice, but
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Figure 8 Vitamin A (VA) deficiency compromises oral tolerance induction. VA( +) and VA( —) mice were fed with ovalbumin (OVA) or saline every
other day for a total of five times. (a, b) OVA- or saline-fed mice were (a) immunized intraperitoneally with 0.1 mg of OVA in alum (n= 6-7 mice/group)
or (b) immunized intragastrically with 10 mg of OVA plus cholera toxin (n=4 mice/group) 7 days after the last feeding. OVA-specific

proliferation of draining mesenteric lymph node (MLN) cells was assessed 7 days after immunization. (¢} OVA- or saline-fed mice were
immunized subcutaneously with 0.1 mg of OVA in complete Freund's adjuvant 7 days after the last feeding. OVA-specific proliferation of

draining peripheral lymph node cells was assessed 7 or 14 days after immunization {n=4-5 mice/group). Data are presented as mean+s.e.m.
for each group. *P<0.05; **P<0.01; *~P<0.001; NS, not significant vs. treatment with the same concentration of OVA. (d) CD4 ™ cells were
obtained from MLNs and spleens (SPLs) of OVA- or saline-fed mice without subsequent immunization 24 h after the last feeding. The celis were
cultured with irradiated SPL cells and QVA for 3 days, and cytokine levels in the culture supernatants were assessed by enzyme-linked immunosorbent

assay (ELISA). Data are presented as mean + s.d. of quadruplicate samples. Representative results from (a, d) four or (b, ¢) two independent

experiments are shown.

is essential for the disruption of oral tolerance in T cells of
VA(—) mice.

DISCUSSION

VA deficiency affects the nature of MLN-DCs even in
unprimed mice. In particular, the CD8x~ CD11b " CD103 ~
cDC (R2) subset of VA( — )MLN-DCs exhibited the ability to
instruct naive CD4" T cells to differentiate into IL-13-
producing inflammatory Th2 cells in an IL-6-dependent
manner. I1L-6 alone efficiently induced IL-13-producing
inflammatory Th2 cells from naive CD4™ T cells upon
activation with antibodies to CD3 and CD28, indicating
that IL-6-mediated signaling is essential and sufficient
for 1L-13-producing inflammatory Th2 induction in the
absence of DCs. TGF-B1 downregulated IL-13-producing
inflammatory Th2 induction, and reciprocally upregulated
Th17 induction, suggesting that TGF-B levels in the
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microenvironment regulate the IL-13-producing inflammatory
Th2/Th17 balance.
0X40/0X40L-mediated signaling also appeared to partici-
pate in IL-13-producing inflammatory Th2 induction by
-enhancing the generation of general inflammatory Th2 cells-
and suppressing that of Th17 cells. VA(—)MLN-DCs
expressed much higher levels of Tnfsf4 than VA(+ )MLN-
DCs. However, among VA(—)MLN-DCs, the R3 subset
expressed higher levels of Tufsf4 than R2, despite the fact
that R2 induced IL-13-producing inflammatory Th2 more
efficiently than R3. An agonistic anti-OX40 antibody affected
IL-13-producing inflammatory Th2/Th17 balance in the
presence of MLN-DCs, suggesting that T cell/DC interactions
mediated by other molecules could also be involved. In VA( —)
mice, TNF-o produced by epithelial cells in the proximal colon
may flow into the draining MLNs and partly contribute to the
induction of inflammatory Th2 cells by enhancing OX40L
expression in MLN-DCs, although further analysis is necessary.
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[L-12p40 also appeared to participate in the R2-mediated
generation of [L-13-producing inflammatory Th2 but not Th17
cells. 'the homodimer I1L-12p80 inhibits IL-12-mediated
responses and contributes to Th2-type allergic diarrhea.’®
Accordingly, IL-12p80 moderately enhanced Th2 induction.
Thl-derived IFN -y is known to suppress both Th2 and Thi7
differentiation.” Interestingly, CD103* MLN-DCs of VA(~ )
mice produce IFN-y upon stimulation.*” IFN-y may contribute
to the difference in the nature of R2 and R3. The nature of
R3 may also be influenced by CD103 "langerin ™ immuno-
suppressive DCs, which are found in VA( ~ )MLNs.** R2- and
R3-stimulated T cells produced low levels of IL-4, but these
levels may still influence general Th2 skewing.

IL-13-producing inflammatory Th2 and Thl7 may also
influence each other. IL-13 attenuates Th17 cytokine produc-
tion.* However, IL-17A enhances downstream IL-13 signals.*?

Mucosallmmunelogy { VOLUME 7 NUMBER 4 | JULY 2014

IL-13 appeared to be essential for the aberrant proliferation of
T cells from VA( — ) mice. The underlying mechanism remains
ta be clarified, but IL-13-producing inflammatory Th2 may
have been the major influence on proliferating T cells in the
MLN culture or could have induced IL-13-producing inflam-
matory Th2 proliferation in an autocrine manner. The complex
interplay of cytokines is likely to influence IL-13-producing
inflammatory Th2 induction.

IL-13-producing inflammatory Th2 cells induced by VA( — )
MLN-DCs expressed homing receptors for inflammatory sites
or the skin. Indeed, these cells could migrate into inflamed skin.
In VA( —) animals, the administration of food and bacterial
antigens to the skin could thus posea risk of IL-13-producing
inflammatory Th2-dependent inflammation. IL-13-producing
inflammatory Th2 cells that are primed in the MLNs could
induce antigen-specific inflammatory responses in any tissues
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with innate inflammation and blood-borne antigens that could
be increased with repeated oral antigen administration or an
infectious gut insult under VA( — ) conditions.*’ Reductions in
endogenous RA or VA concentrations have been observed in
atopic dermatitis and other inflammatory diseases.**** Inflam-
matory Th2 cells often participate in these diseases. On the
other hand, VA or RA treatment ameliorates various
inflammatory diseases.*® IL-13 is known to play central roles
in asthma.”**” As CCR4 contributes to T-cell lung imprint-
ing,"” 1L-13-producing inflammatory Th2 cells may also be able
to contribute to the antigen-specific asthmatic reaction.
However, VA deficiency reduced disease severity in a mouse
model of asthma induced by i.p. injections of OVA and alum,
followed by exposures to aerosolized OVA.*® In the absence of
OVA feeding, we also observed lower antibody responses in
VA( ~ ) mice compared with VA(+ ) mice. Antigen prefeeding
appears to be critical in inducing unusually high antibody
responses in VA( — } mice. Nonetheless, relatively low dietary
VA intake is known to be associated with asthma.*’

Strong IgG1 responses and IgE responses were induced
against OVA, a T cell-dependent antigen, in VA( — ) mice. The
IgE levels were sufficient to induce immediate-type allergic
responses in the skin. However, previous reports suggested that
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VA deficiency reduces antibody responses to T cell-dependent
antigens and T cell-independent-type 2 antigens.'*'*> On the
other hand, VA deficiency in rats enhanced bacterial trans-
location into the MLNs and the serum levels of IgG, IgM,
and IgE antibodies against bacterial antigens including the
T cell-independent antigen lipopolysaccharide."® Similarly, in
unprimed mice, VA deficiency induced the elevation of serum
IgG2aand IgG2b levels but not of 1gG1, IgG3, or IgA Jevels.!%10
Commensal bacterial antigens such as lipopolysaccharide may
contribute to this elevation. The strong IgG1 responses and IgE
responses to OVA in the OVA-fed VA( — ) mice likely involve
OVA-specific IL-13-producing inflammatory Th2 cells
induced by VA(— )MLN-DCs. OVA feeding alone induced
OV A-specific IL-13-producing CD4 " T cells in the MLNs of
VA(—) mice. T cell-independent antigens derived from
commensal bacteria may facilitate T-cell priming and the
induction of antibody responses. Furthermore, additional
adjuvant-induced signals may be necessary to trigger or
enhance antibody responses.

Foxp3*CD103™ T cells are present even in mice with low
VA levels*® Accordingly, VA( —)PP-DCs induced Foxp3 ™
CD103" T-cell differentiation. The CCR9* PP-pDCs in
VA( — ) mice may be tolerogenic, as their phenotype resembled

VOLUME 7 NUMBER 4 | JULY 2014 | www.nature.com/mi



that of tolerogenic CCR9 ™ pDCs.™ Nonetheless, in VA( - )
mice, oral antigen-specific inflammatory effector T cells
including 1L-13-producing inflammatory Th2 and Thl7
appear to overcome the effect of regulatory T cells.

RA is required for immature DCs to express RALDH2.*
Bile retinoids contribute to the induction of RALDH2
expression in lamina propria-DCs and MLN-DCs.” Therefore,
liver dysfunction may affect RALDH2 expression in gut
CD103™ DCs by reducing the production of bile retinoids
and other components necessary for the intestinal absorption of
lipids including RA precursors. Accordingly, young children
with severe liver dysfunction have a high prevalence of food
allergies, with specific IgE responses.”

The presence of RARw appears to be critical for CD4 " T-cell
activation and differentiation."™ In VA( ~ ) mice, weak RARq
signaling induced by residual levels of retinol or other
molecules may be necessary for inducing inflammatory arms
of immunity. Indeed, the retinol levels in our VA( ~) mouse
sera were < 1/10 of the control but not completely absent.
Therefore, the present results suggest that VA insufficiency in
the gut increases the risk of IL-13-dependent inflammatory
or allergic diseases by inducing oral antigen-specific 11.-13-
producing inflammatory Th2 cells as well as the risk of Th17-
dependent diseases by changing the nature of MLN-DCs.

21,51

METHODS

Mice. BALB/c, C57BL/6, and DO11.10/Rag2 ™'~ mice were obtained
from CLEA Japan (Tokyo, Japan) -and Taconic (Hudson, NY),
respectively. BALB/c 11137/~ mice were generated by backcrossing
B6x129 11377~ mice (kindly provided by Dr Andrew McKenzie,
MRC Laboratory of Molecular Biology, Cambridge, UK).>® VA( )
and VA(-+) mice were generated as previously described.® All mice
were maintained in specific pathogen-free conditions in the animal
facility of Tokushima Bunri University (Kagawa, Japan). All animal
experiments were performed according to protocols approved by the
Animal Care and Use Committee of Tokushima Bunri University.

Cell preparation, DCs were isolated by MACS (Miltenyi Biotec,
Bergisch Gladbach, Germany) as previously described.® Sorting of DC
subsets was performed on a FACSAria (BD, Franklin Lakes, NJ)
after staining with fluorochrome-conjugated monoclonal antibodies
{mAbs) against C€Dlle, B220, CD8w, CD1lb, and CDI103
{Supplementary Table S1 online). Naive CD4 " CD62LM" T cells
were obtained from lymph nodes and SPLs of DOLL.10/Rag2 ™'~
mice by negative selection using EasySep ‘Mouse CD4* T Cell
Enrichment Kits {Stemcell Technologiés, Vancoaver, BC, Canadaj. In
some experiments, naive CD4 ' CDS2L™"CD44™ T cells were
obtained from SPLs of BALB/c or CS57BL/6 mice by negative
selection using EasySep Mouse CD4% T Cell Enrichment Kits
supplemented with biotinylated anti-CD44 mAb (IM7; BioLegend,
San Diego, CA) and subsequently by positive selection with CD621L,
Microbeads (Miltenyi Biotec). To isolate proximal colon epithelial
cells, the proximal colon was incubated with Hanks’ balanced salt
solution containing 1 mm dithiothreitol as previously described.® BM-
DCs were generated by culturing BM cells for 7'days in the presence of
20% culture supernatant of a mouse Flt3L-transfected CHO cell line,
and then stimulated with 50 ngml ™' TNF-o (Peprotech, Rocky Hill,
NJ) or 100ngml ™~ '11L-33 (BioLegend) in the presence or absence of
10 am all-trans-RA for 48 h.

Cell culture. DCs (2-4 x 10°) were cocultured for 6 days with naive
CD4™* T cells (1-2 x 10%) from DOI11.10/Ragz ™'~ mice in the
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presence of OVA peptide P323-339 (1 pm) with or without all-trans-
RA (10 nw; Sigma-Aldrich, St Louis, MO), LE135 (100nMm; Tocris
Bioscience, Bristol, UK), LE540 (100 nm; Wako, Osaka, Japan), 1L-6,
[L-12p70,0r IL-12p80 (10 ng ml ~ '; BioLegend). In some experiments,
nentralizing anti-1L-6 (MP5-20F3; BioLegend), anti-IL-12p40 (C17.8;
BD), anti-IL-23p19 (G23-8; eBioscience, San Diego, CA), or anti-
OX40L (1826015 R&D Systems, Minneapolis, MN), agonistic anti-
0OX40 (OX-86; eBioscience), Rat IgGl isotype control (43414; R&D
Systeins), or Rat [gG2a isotype control (54447; R&D Systems) were
used at 10 pgml ™. For induction of regulatory T cells, cultures were
supplemented with 5ngml ™' TGF-f1 (Peprotech). For induction of
Cer9expression in T cells, DCs were pretreated with | pys OV A peptide
P323-339 for 2h, washed, and then cocultured with naive CD4 ™
T cells,™ Naive CD4 ™ Teells (1 % 10%) from BALB/c or C57BL/6 mice
were cultured for 3 days in the plates coated with anti-CD3 mAb
(3pgml ™Y and anti-CD28 mAb (3 pgml ™) with or without anti-
OX40 or Rat 1gG1 isotype control (10 pgml~ Y. The culture was
diluted with twice its volume of fresh medium, transferred into new
wells, and cultured for 3 days. Cytlokines were added at the start of each
culture. For the experiment in Figure 6b, TGF-P1 (R&D Systems) was
used after reconstituting in 4mm hydrochloric acid containing
Imgml~' bovine serum according to the manufacturer’s
protocol. To assess T-cell cytokine production, the cells (1 x 10%)
wereresuspended and cultured for 3 days in the plates coated with anti-
CD3 mAb (3pgml~ Y and anti-CD28 mab (3 pgml” . Cytokine
levels in the culture supernatants were analyzed by enzyme-linked
immunosorbent assay (ELISA).

Flow cytometry. Cells were stained with fluorochrome-conjugated
mAbs (Supplementary Table $1) in the presence of anti-CD16/CD32
mAb{2.4G2; BD). Staining of E- and P-selectin ligands was performed
as previously described.® Intracellular staining of Foxp3 was
performed using mouse/rat Foxp3 staining sets {eBioscience). For
intracellular cytokine staining, CD4 ™ T cells obtained from cultures
were restimulated with immobilized anti-CD3 mAb (10 ygml ™~ 'yand
soluble anti-CD28 mAb (5pgml~ Y in the presence of monensin
(2 um) for 6 h. The cells were fixed and permeabilized with Fixation/
Permeabilization Buffers (eBioscience), and intracellular cytokine
staining was performed according to the manufacturer’s protocol.
Analysis was performed on a FACSCalibur (BD) or FACSAria with
CellQuest Pro software (BD).

Real-time PCR. Total RNA was isolated from cells using RNeasy
Kit (Qiagen, Hilden, Germany), and complementary DNA was
generated using QuantiTect Reverse Transcription Kit (Qiagen).
Complementary DNA was used as a template for real-time PCR
in triplicates with Power SYBR Green PCR Master Mix (Applied
Biosystemns, Foster City, CA) and gene-specific primers (Supple-
mentary Table $2). PCR analyses were performed on a 7500 Real-
Time PCR system (Applied Biosystems). The expression of each gene
was normalized with Rplp0, and refative expression was quantified
with the 2~ 2% value multiplied by 1,000,

Homing assay. CD4™ DOI11.10/Rag2 ™'~ T cells activated with
VA(+)IMLN-DCs or VA(— JMLN-DCs were differentially labeled
with 5-chloromethylfluorescein diacetate and SNARE®- | carboxylic
acid acetate succinimidyl ester (Life Technologies, Carlsbad, CA} as
previously described. > An aliquot (2-3 x 107) of the cells was injected
intravenously into each BALB/c mouse with preexisting cutaneous
inflammation in both ears induced by a standard delayed hyper-
sensitivity protocol as previously described’' with modification. In
brief, shaved abdomens of the mice were painted with 50 ul 0.5% 2,4-
dinitro-1-fluorobenzene (Nacalai tesque, Kyoto, Japan) in acetone/
olive oil (4:1) on day 0. On day 5, mice were challenged with 20 p10.3%
2,4-dinitro-1-fluorobenzene on both ears, and used on the next day as
recipients for competitive homing experiments. Recipients were killed
16h after the adoptive transfer, and the transferred cells were
recovered from MLNs and both ears after digestion with collagenase
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type VIII (Sigma-Aldrich). To assess the migration efficiency of the
transferred cells, the ratios of SNARF-1* cells/CMFDA ¥ cells in
recipient tissues were analyzed by flow cytometry.

Immunchistochemical analysis. MLNs, tissue blocks of the small
intestine with PP, proximal colon, and ear from VA({ + ) and VA( —)
mice were immersion-fixed in 4% paraformaldehyde in 0.1M
phosphate buffer (pH 7.2). The fixed tissues were immersed in 20%
sucrose in 0.1M phosphate buffer overnight for cryoprotection,
embedded in O.C.T. compound (Sakura Finetek Japan, Tokyo, Japan),
and then frozen on dry ice. Frozen sections (8 pm thick) of these tissues
were cut out and thaw-mounted onto silane-coated glass slides. These
sections were blocked with 5% normal donkey serum (Jackson
ImmunoResearch, West Grove, PA) for 1 h at room temperature. The
sections were incubated with rabbit anti-TNF-« (Abcam, Cambridge,
MA) at 4°C for at least 48h followed by the incubation with
Cy3-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch)
for 1 h at room temperature. TO-PRO-3 (Molecular Probes, Eugene,
OR) was used for nuclear staining. Immunostained sections were
coverslipped with glycerol and observed using a confocal laser
scanning microscopy (FV-1000; Olympus, Tokyo, Japan).

Induction of oral tolerance and immunization. Mice were fed 10 mg
of OVA (grade V; Sigma-Aldrich) or saline alone by gavage 5 times
every other day (on days 0, 2, 4, 6, and 8). The mice were immunized
with 0.1 mg of OV A in adjuvant (2 mg of Imject Alum (Thermo Fisher
Scientific, Waltham, MA) for ip., or complete Freund’s adjuvant
(Sigma-Aldrich) for subcutaneous administration) 7 days after the last
feeding (day 15). In some experiments, the mice were immunized
intragastrically with 10 mg of OVA and 10 ng of cholera toxin (List
Biological Laboratories, Campbell, CA). OV A-specific proliferation of
draining lymph node cells was assessed 7 or 14 days after immu-
nization (day 22 or 29). To assess antibody responses, OV A- or saline-
fed mice were immunized i.p. with 0.1 mg of OVA in alum 7 and 21
days after the last feeding (on days 15 and 29), whereas the other mice
were immunized intragastrically with 10 mg of OV A plus cholera toxin
7, 14, and 21 days after the last feeding (on days 15, 22, and 29). The
serum and the rectal feces of each mouse werecollected 7 days after the
last immunization (day 36). Feces were ddjusted to a 100 mg ml ™!
concentration in phosphate-buffered saline containing protease
inhibitors (Complete, Mini; Roche Applied Science, Indianapolis, IN)
and 0.1% sodium azide. The feces were homogenized, incubated for 1 h
on ice, and centrifuged for 15 min at 20,000 g to remove solid material.
To assess CD4* T-cell cytokine production, MLNs and SPLs were
obtained from the OVA- or saline-fed mice without subsequent
immunization 24 h after the last feeding. CD4™* cells were isolated by
positive seléction with CD4 Microbeads (Miltenyi Biotec). Aliquots
{4 x 10°) were cultured with irradiated SPL cells (1 x 10%) and OVA
(1mg ml™") for 3 days. Cytokine levels in the culture supernatants
were analyzed by ELISA.

Antigen-induced ear swelling assay. VA(+ ) and VA( — ) mice fed
OVA 5 times were immunized with two 1.p. injections of OV A/alum as
described above. At 7 days after the last immunization, the left ears of
mice were intradermally administered with 10 ug of OVA in 10 ul of
phosphate-buffered saline, and their right ears were administered an
equal amount of phosphate-buffered saline by using a microsyringe
(1701LT; Hamilton, Reno, NV). Ear thickness was measured with a
dial thickness gage (No. 7331; Mitsutoyo, Kanagawa, Japan).

Proliferation assay. Single-cell suspensions were prepared from
draining MLNs or PLNs (inguinal and popliteal lymph nodes) of
individual mice and cultured at 5x 10° cells with graded con-
centrations of OVA for 4 days. The cells were pulsed with 1 uCi of
[3H]—thymidine for the last 16 h of culture and their radioactivity was
counted on a 1450 Microbeta TriLux (PerkinElmer, Waltham, MA).

ELISA. Cytokine levels in the culture supernatants were analyzed
with ELISA kits for IFN-v, IL-4, IL-5, [L-6, IL-10, IL-12p40, IL-12p70,
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TNF-« (BD), IL-9, IL-17A, IL-23p19 (BioLegend), 1L-13, and IL-21
{(R&D Systems). To detect OV A-specific antibodies, plates were coated
with 20mgml~' OVA in 0.05m carbonate-bicarbonate buffer
{pH 9.6), and blocked with 5% normal goat serum (Sigma-Aldrich) in
Tris-buffered saline. Serially diluted serum samples or fecal extracts
and standard serum (pooled hyperimmune sera collected after ip.
immunization with 0.1 mgof OVA inalum 3 times at 2-week intervals)
were added and incubated for 2h. After washing, horseradish per-
oxidase-conjugated goat anti-mouse IgGl, IgG2a, or IgA (Bethyl
Laboratories, Montgomery, TX) were added and incubated for 1 h. To
detect anti-OVA IgE, biotinylated anti-mouse IgE (BioLegend)
was added for 1h, followed by addition of horseradish peroxidase-
conjugated avidin (Biolegend). The reactions were developed with
3,3,5,5"-tetramethylbenzidine substrate (Sigma-Aldrich) and stopped
with 1M H,S0,. The absorbance at 450 nm was measured using a
microplate reader (Bio-Rad Laboratories, Hercules, CA). OVA-spe-
cific antibody levels were defined by comparing with standard serum
and expressed in arbitrary units (AU). Total antibodies were analyzed
with ELISA kits for mouse IgG1, IgG2a, IgA (Bethyl Laboratories), and
IgE (BioLegend).

Statistical analysis. Statistical comparisons were carried out using
the one-way analysis of variance with Tukey-Kramer multiple
comparisons test and the two-tailed unpaired Student’s ¢-test. Values
< 0.05 were considered statistically significant.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper
at http://www.nature.com/mi
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Objective: The primary objective of this study was to re-evaluate the feasibility of docetaxel at
doses of up to 75 mg/m? in Japanese patients with previously treated non-small cell lung
cancet.

Methods: Patients received escalated doses of docetaxel at 70 mg/m? (level 1) or 75 mg/m?
(level 2) every 3 weeks until disease progression or unacceptable toxicities. Dose escalation
was decided on the basis of dose-limiting toxicity in the first cycle of chemotherapy.

Results: At dose level 1, dose-limiting toxicity—Grade 3 febrile neutropenia—was observed in
one of the six patients and at dose level 2, it was seen in one of the first six patients. Therefore,
an additional 14 patients were enrolled at dose level 2, as originally planned. Among the total of
20 patients at dose level 2, 6 (<33%) developed dose-limiting toxicity in the first cycle: febrile
neutropenia in 5 and pneumonia in 1. Finally, 10 (50%) of the 20 patients experienced toxicities
that met the dose-limiting toxicity criteria, including 8 with febrile neutropenia throughout the
treatment period, but this was manageable with dose reduction or appropriate supportive care.
Other observed toxicities were predictable from the safety profile of decetaxel and were also
well managed. Four partial responses were observed, giving an overall response rate of 15.4%.
The median progression-free survival period of the patients overall was 4.0 months (95% confi-
dence interval 1.4—6.6 months).

Conclusions: Although docetaxel administration at an initial dose of 75 mg/m? requires careful
attention because of the high incidence of febrile neutropenia, this dose is considered feasible
according to the protocol definition in Japanese patients with previously treated non-small cell
lung cancer.

Key words: docetaxel — re-evaluation — Japanese — non-small cell lung cancer

INTRODUCTION

gefitinib and erlotinib are epidermal growth factor receptor
tyrosine kinase inhibitors (EGFR-TKIs) and so they are used

Currently in Japan, several agents (ex. docetaxel, pemetrexed,
gefitinib, erlotinib or crizotinib) are recommended for use in
patients with advanced or recurrent NSCLC that has pro-
gressed after platinum-based first-line chemotherapy based on
the results of the clinical trials (1—6). Among these agents,

mainly for patients who have EGFR mutations (7-9).
Because crizotinib is also a receptor tyrosine kinase inhibitor
of anaplastic lymphoma kinase (ALK), it is only used for
patients who have ALK rearrangements (10). With regard to
pemetrexed, it has recently become clear that some specific

© The Author 2014. Published by Oxford University Press. All rights reserved.
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populations can benefit from the agent, for example those with
non-squamous histology or low expression of thymidine syn-
thase (11,12). Furthermore, pemetrexed has recently been
used for both first-line chemotherapy and maintenance
therapy (13). Therefore, the EGFR-TKIs, crizotinib and peme-
trexed are used for limited populations of patients who can
receive second- or third-line chemotherapies.

In contrast to such agents, docetaxel shows active cytotox-
icity against various histological types of NSCLC by inhibit-
ing microtubule depolymerization and promoting tubulin
assembly in the M phase of the cell cycle, causing the cells to
cease dividing. Docetaxel is usually administered at a dose of
75 mg/m® every 3 weeks in Western countries and almost in
all Asian countries based on the results of two randomized
controlled trials and a randomized phase II trial (1,2,14). In
Japan, on the other hand, docetaxel has been administered at a
relatively lower dose of 60 mg/m? in both clinical trials and
clinical practice based on the recommended dose determined
in a domestic phase I trial. However, the Japanese and
Western studies demonstrated no significant difference in the
pharmacokinetics (PK) of docetaxel (15).

Docetaxel is one of the most important cytotoxic agents for
the treatment of NSCLC and is used as the reference regimen
in clinical trials for previously treated NSCLC. Therefore, the
difference in the recommended dose between Western and
Japanese patients is 2 major problem for Japan when participat-
ing in global trials. The reason for the discrepancy in the
maximum tolerated and recommended doses in comparison
with Western studies remains unknown. Furthermore, no previ-
ously reported study has re-evaluated the safety, feasibility and
efficacy of docetacel at a dose of 75 mg/m?, which is the global
standard, since the drug was approved in Japan in 1997 (15).
Therefore, we conducted the present study to reassess the
safety, feasibility and efficacy of docetaxel at doses of up to
75 mg/m? in Japanese patients with previously treated NSCLC.

PATIENTS AND METHODS
Stupy DESIGN

The primary objective of this study was to re-evaluate the feasi-
bility of docetaxel at doses of up to 75 mg/m? for Japanese
patients with previously treated NSCLC.

Patients were divided into two docetaxel dose levels. At
dose level 1, 6 patients received a dose of 70 mg/m?. If three
of these six patients experienced dose-limiting toxicity (DLT),
dose escalation was terminated. If two of the patients or fewer
experienced DLT, dose escalation was continued to the next
level. At dose level 2, initially, the first six patients received
docetaxel at 75 mg/m?. If three of them experienced DLT, the
study was terminated. If DLT was observed in 2 of the first
6 patients or fewer, additional patients, up to a maximum of
20, were enrolled to receive docetaxel at 75 mg/m”. Dose es-
calation was decided according to whether DLT occurred only
in the first cycle of chemotherapy, although toxicities

Feasibility re-evaluation of 75 mg/m? docetaxel

observed after the second cycle were taken into consideration
in the final feasibility assessment.

PATIENT SELECTION

Patients with histologically or cytologically documented
advanced or recurrent NSCLC, who had previously undergone
platinum-based chemotherapy not including docetaxel-
containing regimens, were eligible for study entry. An interval
of at least 4 weeks from previous chemotherapy was required.
Radiation therapy to a target lesion was allowed unless there
was obvious disease progression in that lesion. Each patient
was required to meet the following criteria: having measurable
lesions; Eastern Cooperative Oncology Group (ECOG) per-
formance status (PS) 0 or 1; age 75 years or less; SpO, >
94%; normal 12-lead ECG; adequate bone marrow reserve
[white blood cell (WBC) count >4000/p.l, absolute neutrophil
count (ANC) >2000/ul, platelet count >100 000/pl and
hemoglobin >9.0 mg/dl]; and adequate hepatic and renal
function (creatinine <1.5 mg/dl, total bilirubin <1.5 mg/dl
and aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT) levels <2.5 times upper limit of normal).

The main exclusion criteria were active concomitant malig-
nancy, congestive heart failure, uncontrolled angina pectoris,
arrhythmia, hypertension, uncontrolled diabetes, symptomatic
infectious disease, severe hemorrhage/bleeding, pulmonary fi-
brosis or interstitial pneumonia, obstructive bowel disease or
severe diarrhea, symptomatic peripheral effusion, cardiac ef-
fusion and ascites, >Grade 2 peripheral neuropathy, symp-
tomatic brain metastasis and pregnancy or breast feeding.

The study complied with the Declaration of Helsinki and
Good Clinical Practice guidelines. The study protocol was
approved by the institutional review board at Kurume University.
All patients gave written informed consent prior to registration.

This study was registered with UMIN (University Hospital
Medical Information Network in Japan), number UMIN
000003021.

STUDY TREATMENT

All patients received intravenous infusion of docetaxel over at
least 60 min (70 or 75 mg/m?) every 3 weeks. Treatment was
to be performed until disease progression, unacceptable tox-
icity or until the patients or the investigator requested treat-
ment discontinuation. Subsequent cycles of treatment were
withheld until the following criteria were satisfied: ECOG
PS <1, ANC >2000/pl, platelet count >100 000/p.1, total
bilirubin <1.5 mg/dl, AST and ALT levels <2.5 times upper
limit of normal, creatinine <1.5 mg/dl, SpO, >94%, absence
of active infection and other non-hematological toxicity
<Grade 2. If these criteria were unsatisfied within 35 days
from Day 1 of the current cycle, the patient was removed from
the study. The docetaxel dose was reduced from 75 to 70 mg/m?>
(or 70—60 or 60—50 mg/m?) in the subsequent cycle if tox-
icity equivalent to DLT occurred. Prophylactic administration
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of granulocyte colony-stimulating factor (G-CSF) was not
allowed at any time during the study.

All patients underwent comprehensive baseline assessments
including clinical laboratory tests and imaging studies. During
the first cycle, clinical laboratory tests were performed at least
twice a week. Patients also received follow-up assessments
and monitoring at regular intervals thereafter. Toxicity evalua-
tions were based on the Common Terminology Criteria for
Adverse Events, version 3.0 (CTCAE v3.0) (16).

DermNiTION oF DLT

DLTs were defined as a toxicity occurring in Cycle 1 that met
one of the following criteria and for which a causal relation-
ship with docetaxel could not be ruled out: Grade 4 neutro-
penia lasting 7 days or longer, febrile neutropenia (FN), Grade
4 thrombocytopenia, Grade 3 thrombocytopenia that required
platelet transfusion or was associated with bleeding, Grade 3
or 4 non-hematological toxicity (following events were to be
DLT if the event did not recover to <Grade 2 despite stand-
ard/optimal supportive treatment: nausea, vomiting, anorexia,
fatigue, constipation, diarrhea or transient electrolyte abnor-
mality). If the patients experienced toxicities that met the DLT
criteria, treatment doses were modified in subsequent courses.

SAFETY AND EFFicacy EVALUATION

All patients who received at least one dose of the study treat-
ment were included in the safety and efficacy analysis. The in-
cidence of adverse events was calculated for each dose group.
The percentage decrease in ANC was also calculated from the
baseline and nadir ANC. The efficacy endpoints were tumor
response, progression-free survival (PFS) and overall survival
(08). Tumor response was evaluated according to the
RECIST guideline and the distribution of the best overall
responses was summarized in patients with target lesions (17).
PFS was defined as the time from enrollment to the date of
confirmation of progressive disease (PD) or the date of death
from any cause, whichever was earlier. OS was defined as the
time from registration until death from any cause. Patients not
known to have died and to have had progression were censored
at the date of the last progression-free assessment. Kaplan—
Meier (K—M) methods were used for PFS and OS analyses.
This included generating the K—M curve and determining the
median with the 95% confidence interval. The survival data
were cut off on 31 January 2013.

RESULTS
PATIENT CHARACTERISTICS

Between January 2010 and July 2012, 26 patients were en-
rolled into this study. Table 1 shows the characteristics of
these patients. Twenty-three patients were male and three
were female. The median age of the participants overall was
66 years (range 35—74 years). The majority of the patients had
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Table 1. Patient characteristics
Characteristics Level 1 (70 mg/m?)  Level 2 (75 mg/m?)
Number of patients 6 20
Gender

Male/female 4/2 19/1

Age: median, years (range) 65 (62—70) 66 (35-74)
Performance status

0/1 6/0 17/3
Histology

Ad/Sq/Ad-Sq 3121 16/4/0
Stage

IIIA/IIIB 1/0 372

IV/relapse after surgery 4/1 12/3
EGFR mutation status

Exon 19/exon 21 1/0 3/3

Wild type/unknown 32 9/5
Prior chemotherapy

12 6/0 17/3

Paclitaxel containing 6 9

Ad, adenocarcinoma; Sq, squamous cell carcinoma; Ad-Sq, adenosquamous
cell carcinoma; EGFR, epidermal growth factor receptor.

a PS of 0. Histologically, there were 19 adenocarcinomas and
6 squamous cell carcinomas. All but three patients received
docetaxel as the second-line treatment. Seven of the 19 adeno-
carcinomas harbored EGFR mutations.

DosEe EscaLATION

The profiles of major toxicities and DLTs observed in Cycle 1
are shown in Table 2. At dose level 1, a DLT was observed in
only one of six patients: Grade 3 FN. Apart from this DLT
case, three patients at this dose level developed Grade 4 neu-
tropenia, but the neutrophil count in these patients recovered
rapidly without the use of G-CSF. Non-hematological toxici-
ties were generally mild. The dose of docetaxel was then esca-
lated to 75 mg/m? (level 2). At dose level 2, only one of the
first six patients developed DLT: Grade 3 FN. Although all of
the first six patients as well as this DLT case also developed
Grade 3 or 4 neutropenia, the neutrophil count in these
patients recovered rapidly without the use of G-CSF, similarly
to level 1. Non-hematological toxicities were also generally
mild. Therefore, an additional 14 patients were assigned to
this dose level. In total, 20 patients were administered doce-
taxel at 75 mg/m”.

ToxICITIES

The profiles of major toxicities and severe toxicities observed
during the entire treatment period are shown in Tables 3 and
4. The hematological toxicities reaching >Grade 3 were
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Table 2. Profile of major toxicities during the DLT period (Cycle 1)

Toxicities Level 1 (n = 6) Level 2 (n = 20) Total (n = 26)
Toxicity grade Toxicity grade Toxicity grade
Gl G2 G3 G4 Gl G2 G3 G4 <G2/>G3 (G4)
Hematological
Leukopenia 0 2 3 1 3 4 9 4 917 (5)
Neutropenia 0 l 0 5 0 4 3 13 5/21(18)
Thrombocytopenia 3 0 0 0 3 0 0 0 6/0
Anemia 3 2 0 0 11 4 0 0 20/0
Non-hematological
FN — e 1 0 —_ —— 5 0 -—/6
Fatigue 4 0 0 0 7 0 0 0 11/0
Anorexia 2 0 0 0 4 2 0 0 8/0
Nausea 0 0 0 0 2 2 0 0 4/0
Stomatitis 0 0 0 0 2 0 0 0 2/0
Rash 1 0 0 0 4 0 0 0 5/0
Increased AST 1 0 0 0 2 0 0 0 3/0
Increased ALT 1 0 0 0 1 0 0 0 2/0
Increased GGT 2 1 0 0 2 0 0 0 5/0
Increased creatinine 2 0 0 0 3 0 0 0 5/0
DLT, dose-limiting toxicity; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyltransferase.
Table 3. Profile of major toxicities during the entire treatment period (all cycles)
Toxicities Level 1 (n = 6) Level 2 (n =20) Total (n = 26)
Toxicity grade Toxicity grade Toxicity grade
Gl G2 G3 G4 Gl G2 G3 G4 <G2/>G3 (G4)
Hematological
Leukopenia 0 2 3 1 3 3 10 4 8/18 (5)
Neutropenia 0 0 1 5 0 3 4 13 3/23 (18)
Thrombocytopenia 3 0 0 0 2 0 0 1 5/1(1)
Anemia 2 3 1 0 9 6 1 20/3 (1)
Non-hematological
FN e —— 2 0 o — 8 0 —/10
Fatigue 6 0 0 0 8 3 0 0 17/0
Anorexia 3 0 0 0 7 4 0 0 13/0
Nausea 0 0 0 0 1 3 0 0 4/0
Stomatitis 1 0 0 0 3 2 0 0 6/0
Rash 1 0 0 0 5 0 0 0 6/0
Increased AST 1 0 0 0 3 0 1 0 4/1
Increased ALT 1 0 0 0 2 0 1 0 31
Increased GGT 2 1 0 0 4 0 0 0 7/0
Increased creatinine 2 0 0 0 2 0 1 0 41
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Table 4. Individual patient data pertaining to toxicities that required dose reduction and treatment discontinuation

Patient  DLT Toxicity equivalent to DLT after cycle 2

No. of treatment cycles

Dose reduction  Reason for discontinuation

Level 1
1-1
1-2 FN (cycle 4)
1-3 FN
1-4
1-5
1-6

Level 2
2-1
2-2
2-3 FN (cycle 5)
2-4
2-5
2-6 FN
2-7 FN

[SEI ST N I S

&
1

Gastric hemorrhage (cycle 2), ILD (cycle 4)
2-8 Pneumonia

2-9 FN (cycle 2)

2-10

2-11 Fatigue and anorexia (cycle 4)
2-12 FN

2—-13

2-14 ILD (cycle 2)

2-15

2-16 FN (cycle 3)

2-17 FN

2-18

2-19

220 FN

VN IV N - O R o6 R SN Y B~ AN S R SN B SR« N« N S

—
N

No PD

Yes Delay (neutropenia)
Yes Refusal (fatigue)
No PD

No PD

No PD

No PD

No PD

Yes PD

No Investigator’s decision (edema limbs)
No Delay (PS 2)

Yes Refusal (fatigue)
Yes TRD

Yes PD

Yes PD

No PD

Yes PD

Yes PD

No PD

No LD

No Investigator’s decision (subungual abscess)
Yes Refusal (fatigue)
Yes PD

No PD

No PD

Yes PD

PD, progressive disease; FN, febrile neutropenia; PS, performance status; ILD, interstitial lung disease; TRD, treatment-related death.

leukopenia (69%), neutropenia (88%), thrombocytopenia
(4%) and anemia (12%). Of these, Grade 4 leukopenia and
neutropenia were observed in 5 (19%) and 18 (69%) patients,
respectively, but no patients required G-CSF except for those
with FN, and all recovered promptly. The median duration of
Grade 4 neutropenia was 4 days (range, 2—6 days). The mean
percentage decrease in ANC was 87.5% (range, 50.2—98.7%)
and there was no significant difference between dose levels
1 and 2 (87.9 and 87.4%, respectively, P = 0.937, unpaired
t test). In addition, there was no significant correlation
between the percentage decrease in ANC and age (» = 0.199,
P =0.331, Pearson’s correlation coefficient). Red blood cell
transfusion was performed in two patients, but no patients
required platelet transfusion. With regard to non-hematological
toxicity, 1 of 6 patients (17%) at dose level 1 and 5 of 20
patients (25%) at dose level 2 developed FN in the first cycle

(DLT period). For the 26 patients overall, there was no signifi-
cant difference in age between those who developed FN and
those who did not (mean, 62 versus 63 years, P = 0.767, un-
paired ¢ test). There was also no significant relationship
between Grade 4 neutropenia (ANC < 500) and FN (P =
0.132, Fisher’s exact test), although an ANC nadir of <200
resulted in an ~37-fold increase in the odds of FN (95% confi-
dence interval (CI) 1.76—763, P = 0.002, Fisher’s exact test).
Although more than half of the patients experienced fatigue and
anorexia, these were mostly transient and improved rapidly
with standard/optimal supportive treatment. Other observed
toxicities were predictable from the safety profile of decetaxel,
and were well managed.

There was one treatment-related death in a 68-year-old man
with adenocarcinoma that had progressed after initial chemor-
adiotherapy. He developed FN in the first cycle and gastric
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