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Abstract
We show here that IL-17-secreting CD4 T (Th)17 and CD8 T (Tc)17 effector cells are found in the
lung following primary challenge with influenza A and that blocking Ab to IL-17 increases weight
loss and reduces survival. Tc17 effectors can be generated in vitro using naive CD8 T cells from OT-
I TCR-transgenic mice. T cell numbers expand 20-fold and a majority secretes IL-17, but little IFN-
γ. Many of the IL-17-secreting cells also secrete TNF and some secrete IL-2. Tc17 are negative for
granzyme B, perforin message, and cytolytic activity, in contrast to Tc1 effectors. Tc17 populations
express message for orphan nuclear receptor γt and FoxP3, but are negative for T-bet and GATA-3
transcription factors. The FoxP3-positive, IL-17-secreting and IFN-γ-secreting cells represent three
separate populations. The IFN-γ-, granzyme B-, FoxP3-positive cells and cells positive for IL-22
come mainly from memory cells and decrease in number when generated from CD44low rather than
unselected CD8 T cells. Cells of this unique subset of CD8 effector T cells expand greatly after
transfer to naive recipients following challenge and can protect them against lethal influenza
infection. Tc17 protection is accompanied by greater neutrophil influx into the lung than in Tc1-
injected mice, and the protection afforded by Tc17 effectors is less perforin but more IFN-γ
dependent, implying that different mechanisms are involved.

Analysis of CD4 T cell lines showed that CD4 T cells could be separated into subsets termed
Th1 and Th2 defined by the pattern of cytokines that they secreted (1) and the same subsets
could be generated in vitro from normal CD4 T cells (2,3). Corresponding subsets of CD8 T
cells, Tc1 and Tc2, can also be made using similar polarizing cytokines in vitro (4,5). Numerous
studies demonstrated the significance of these two subsets in a large number of disease models.
This dichotomy dominated thinking until recently, although some investigators showed that
not all CD4 T cells fitted into these two categories. Kelso et al. (6) and others (e.g., 7,8) have
shown considerable heterogeneity in the cytokine profiles of individual cells and it can be
argued that the division into the two alleged subsets is an artifact of the way they are prepared
and that cytokine secretion profiles of in vivo-generated T cells represent a continuum of
patterns. Nevertheless, certain patterns of cytokine secretion are strongly associated with
functionally distinct subsets. Three new subsets of CD4 T cells have been recently
characterized, regulatory T cells (9,10), follicular helper T (11), and Th17 (12-14), and each
has distinct requirements for generation and different functions.

The Th17 T cells represent a newly discovered subset of IL-17-secreting CD4 T cells
(15-19) that has been implicated in exacerbating autoimmune responses (20,21) and also
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participating in enhancing beneficial Th1 responses in tuberculosis (22,23) rota virus (24),
Klebsiella pneumoniae (25), and Candida albicans infections (26) and probably in responses
to other infectious disease organisms. IL-17-producing T cells act in multiple ways including
the induction of proinflammatory and hematopoietic cytokines (27) and in the recruitment of
neutrophils (28).

The factors that control the generation of Th17 cells seem to be complex and are not yet
completely understood. Th17 cells can be generated in vitro when naive murine CD4 T cells
are stimulated in the presence of TGF-β and IL-6 (29,30). IL-21 also stimulates Th17
development and is also secreted by Th17 cells (31), constituting a positive feedback loop.
Th17 cells express IL-23 receptors and IL-23 has been shown to support the expansion and
survival of already established Th17 cells (23,32,33). IL-23 has also been implicated in the
induction of IL-22 in Th17 cells (34). IL-15 is another cytokine that has been shown to enhance
the Th17 response (35) while IL-27 is a negative regulator of Th17 activity through the
induction of IL-10 (36-39). IL-35 (40), made up of the EBV-induced gene 3 (EBI3) and the
p35 subunit of IL-12, has also been shown to be suppressive of Th17 activity. Retinoic acid
(RA)3 antagonizes Th17 development and the inclusion of RA inhibitors can enhance the
generation of Th17 in vitro when dendritic cells from RA-secreting mesenteric lymph node
cells are used as APCs (41).

Th17 populations of cells have been shown to express CCR6 on the cell surface (42) and
respond to CCL20. Th17 cells express the orphan nuclear receptor γt (RORγt) which directs

3Abbreviations used in this paper

RA  
retinoic acid

BAL  
bronchoalveolar lavage

DXS  
dextran sulfate

EID50  
50% egg infective dose

ILN  
inguinal lymph node

i.n.  
intranasal

LCMV  
lymphocytic choriomeningitis virus

MedLN  
mediastinal lymph node

NP  
nucleoprotein

RORγt  
orphan nuclear receptor γt

Tc  
CD8 T cytotoxic

TCID50  
50% tissue culture infective dose

nTc17  
naive Tc17
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their differentiation program (43). FoxP3 is commonly thought to be primarily associated with
regulatory T cells (44) but may also be expressed in Th17 cells (Ref. 45 and D. R. Littman,
personal comment). The development of human Th17 appeared to differ from that in the mouse
in that it does not require the presence of TGF-β (46) but this is now in dispute (47). It seems
likely that there must be some redundancy in the factors that can lead to the induction of this
subset and that more than one combination of cytokines may be able to cause the differentiation
of CD4 T cells to Th17 effectors.

Th17 cells coexpress IL-17A, IL-17F, and IL-22 (48,49) and also make IL-21 (31). These
cytokines, acting singly or together, can induce a wide range of cytokines (50), a wide range
of inflammatory mediators, including defensins (51), antimicrobial peptides,
metalloproteinases (52), C reactive protein, cytokines, and chemokines, many of which are
chemotactic for neutrophils. At least some of these effects are mediated via an Act1-dependent
pathway (53) and at least some of these effects are brought about by message stabilization
(54).

We had previously shown (5,55) that it was possible to generate CD8 T cell subsets, Tc1 and
Tc2, analogous to Th1 and Th2 (56) and showed that they had distinctive properties in vivo,
both in response to tumors (57,58) and to influenza (59,60).

We have investigated, here, whether there was a corresponding subset of IL-17-secreting CD8
T cells with similar and contrasting characteristics to the Th17 subset of CD4 T cells. We show,
for the first time, that IL-17-secreting CD4 and CD8 effector cells can be detected in the lung
in response to challenge with influenza A. We refer to the IL-17-secreting CD8 T cells as Tc17
effectors following the convention that designates IL-17-secreting CD4 T cells as Th17.
Injection of neutralizing Ab to IL-17 diminishes the protection resulting from priming with
heterosubtypic influenza virus. We find that a population containing IL-17-secreting CD8 T
cells effectors can be generated in vitro by 4-day culture of naive CD8 T cells from OT-I TCR-
transgenic mice in the presence of IL-6, TGF-β, IL-21, and Abs to IFN-γ. The naive cell
numbers expand up to 20-fold in culture, under these conditions, and a majority of the resulting
cells secrete IL-17 upon restimulation. The majority of the IL-17-secreting effector cell
population also secrete TNF and IL-2 but, in marked contrast to Tc1 effectors, they contain
very few cells that secrete IFN-γ or granzyme B or express message for perforin and they exhibit
no cytolytic activity, again in marked contrast to Tc1 or Tc2 effectors. RNA from populations
containing a high proportion of Tc17 cells express message for IL-2, IL-10, IL-17A, IL-17F,
and TGF-β but are negative for IL-4 and IFN-γ message. Tc17 prepared from unpurified CD8
T cells are positive for IL-22 message but those made from purified naive CD8 T cells make
very little. RNA from Tc17 cells derived from naive CD8 populations express message for
orphan nuclear receptor γt and FoxP3, but are negative for T-bet and GATA-3.

Preliminary studies suggest that Tc17 and IL-17 play a substantial though ill-defined role in
vivo since populations of both Tc1 and Tc17 effectors from OT-1 mice can protect naive
recipients against lethal infection with SIINFEKL-bearing influenza virus. Tc17 and Tc1
populations appear to protect by different mechanisms. Tc17 protection appears to be
independent of perforin expression while Tc1 protection is perforin dependent. For IFN-γ, the
situation is the reverse. Tc17 protection is less effective with effectors from IFN-γ-deficient
mice, while Tc1 protection is unaffected. Tc17 protection is accompanied by an early enhanced
influx of neutrophils into the lung.
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Materials and Methods
Mice

OT-1 TCR-transgenic B6, B6.OT-1.Thy1.1, B6.OT-1.CD45.1, B6.OT-1.IFN-γ-/-,
B6.OT-1.perforin-/-, P14 TCR-transgenic B6, C57BL/6 (Thy1.2), and C57BL/6.PL
(B6.Thy1.1) mice were bred at the Trudeau Institute and were used at 3–22 wk of age. All
animal procedures were approved by the Institute Animal Care and Use Committee the Trudeau
Institute.

Influenza virus, infections
Influenza A/Puerto Rico (A/PR8) (H1N1) and A/PR8ova1 (provided by Dr. R. Webby) came
from St. Jude Children’s Research Hospital (Memphis, TN). Cold-adapted A/Alaska/6/77
(H3N2) was a gift from Dr. S. Epstein (National Institutes of Health, Bethesda, MD). Viruses
were grown in the allantoic cavity of embryonated hen eggs from virus stocks. Lightly
anesthetized mice were infected with influenza by intranasal (i.n.) inoculation of 50 μl of virus
in PBS. These viruses were used with the following doses: 2 × 104 EID50 (4 LD50) for lethal
challenge or 1 × 103 EID50 (0.2 LD50) for sublethal challenge of A/PR8, 970 PFU (∼2 LD50)
for lethal challenge or 145 PFU (∼0.3 LD50) for sublethal challenge of A/PR8ova1, and 2500
TCID50 for the priming dose of cold-adapted A/Alaska. These doses are based on the original
titrations conducted at the time the batch was produced. The titers drift down with time but the
doses cited are based on the original determination and thus should be considered nominal.

Measurement of the in vivo cellular response
B6.Thy1.1 mice were sacrificed at various time points before and after influenza infection, and
spleen inguinal lymph nodes (ILN) were taken. Bronchoalveolar lavage (BAL) was collected
by washing the airways five times with 0.5 ml of PBS. Lungs were removed following perfusion
with 5 ml of PBS via the left ventricle of the heart and single-cell suspensions were prepared
by collagenase treatment (2.5 mg/ml collagenase D). Finally, mediastinal lymph nodes
(MedLN) were collected. Single-cell suspensions (5 × 105) were cultured in 24-well plate for
4 h with 10 ng/ml PMA, 500 ng/ml ionomycin, and 10 μg/ml brefeldin A or with 5 μg/ml
NP366–374 peptide (ASNENMETM) for CD8 T cells, 5 μg/ml NP261–275 peptide
(RSALILRGSVAHKSC) for CD4 T cells, and 10 μg/ml brefeldin A. Genetically different
spleen cells (5 × 105) from naive B6.Thy1.2 mice were added as APCs for peptide stimulation.
Cells were harvested and cell surface markers were stained with the following Abs: CD3-PE-
Cy7 (145-2C11; eBioscience), CD4-FITC (RM4-4; BD Biosciences), CD8-allophy-cocyanin-
Alexa Fluor750 (53-6.7, eBioscience), CD90.1-PerCP (OX-7; BD Biosciences), CD90.2-
biotin (53-2.1; BD Biosciences), and γδ-TCR-biotin (GL3; BD Biosciences). Biotinylated Abs
were counterstained with streptavidin-Pacific Orange (8 μg/ml; Invitrogen) and then fixed with
4% formalin. Cells were then incubated with Abs to intracellular cytokines, IFN-γ-Pacific Blue
(XMG1.2; eBioscience), IL-17-PE (TC11-18H10; BD Biosciences), and granzyme B-
allophycocyanin (GB11; Caltag Laboratories) in 0.1% saponin buffer. Cells were analyzed on
the FACSCanto II (BD Biosciences). Cells were gated on CD3+, CD90.1+, CD90.2-, and γδ-

and their staining profiles were analyzed using FlowJo (Tree Star).

ELISPOT assays
IL-17-secreting cells were assayed by ELISPOT. Five million of MACS-purified CD8 T cells
from nonimmunized OT-1.Thy1.1 were transferred to B6 recipient mice (Thy1.2) i.v. on day
-1. On day 0, mice were challenged with 2 LD50 of influenza A/PR8ova1. On day 6, cells from
spleen and lung were treated with anti-Thy1.2 mAb (clone HO134) and complement to deplete
host T cells. The number of IL-17-secreting cells in 8 × 105 of the remaining cells was
determined after a 4-h stimulation with SIINFEKL peptide or PMA and ionomycin in a
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standard ELISPOT assay. The lymphocytic choriomeningitis virus (LCMV) glycoprotein gp33
(KAVYNFATM) was used as the negative control.

Anti-IL-17-blocking experiment
Mice were treated with four i.p. injections of 0.1 mg of anti-IL-17 Ab (clone 50104; R&D
Systems) or four i.p. injections of 0.1 mg of isotype control IgG2b (clone LTF-2; R&D
Systems) on days -1, 1, 3, and 5 after influenza challenge.

Generation of Tc17, Tc1, Tc2, and Tc0 CD8 effector cells in vitro
Tc1, Tc2, and Tc0 effectors were generated as previously described (59). T cell-depleted APCs
(B cell blasts) were prepared by negative selection on MACS columns using FITC-labeled
anti-Thy1.2 mAb (53-2.1; eBioscience) and anti-FITC-MACS beads (Miltenyi Biotec). The B
cells were stimulated with LPS (25 μg/ml) and dextran sulfate (DXS; 25 μg/ml) for 3 days and
were used as APCs. They were loaded with SIINFEKL peptide (10 μg/ml) or control LCMV
gp33 peptide KAVTNFATM (10 μg/ml) at 37°C for 30 min, treated with mitomycin C (50
μg/ml) at 37°C for 30 min, and washed three times before use. CD8 T cells from spleens of
OT-1 TCR-transgenic mice or P14 TCR-transgenic mice which were enriched by CD8 MACS
beads (Miltenyi Biotec) and incubated with SIINFEKL or KAVYNFATM peptide-pulsed B
cell blasts (T:B = 1:3) for 4 days. For Tc17 cultures, IL-2 (4.7 ng/ml), IL-1β (10 ng/ml;
PeproTech), IL-6 (20 ng/ml; PeproTech), porcine TGF-β (3 ng/ml; R&D Systems), IL-21 (80
ng/ml; PeproTech), IL-23 (50 ng/ml; R&D Systems), anti-IL-4 mAb (11B11, 10 μg/ml), and
anti-IFN-γ mAb (XMG1.2, 10 μg/ml) were added. For some experiments, TNF-α (10 ng/ml;
PeproTech), anti-TNF-α mAb (MP6-XT22,10 μg/ml), and anti-IL-2 mAb (S4B6, 10 μg/ml)
were added. For Tc1 cultures, IL-2 (4.7 ng/ml), IL-12 (9.2 U/ml, provided by S. Wolf, Genetics
Institute, Cambridge, MA), and anti-IL-4 mAb (11B11, 10 μg/ml) were added. For Tc2
cultures, IL-2 (4.7 ng/ml), IL-4 (200 U/ml, X63.Ag.IL-4 supernatant), and anti-IFN-γ mAb
(XMG1.2, 10 μg/ml) were added. For Tc0 cultures, IL-2 (4.7 ng/ml) was added. On day 2, the
same amount of fresh medium containing IL-2 (4.7 ng/ml) was added. In some experiments,
the RA inhibitor LE540 (Wako Pure Chemical) at 1 mM was added on day 0. Tc17 effector
cells from naive CD8 T cells (nTc17) were prepared from naive CD44lowCD62Lhigh CD8 T
cells obtained by FACS sorting.

Phenotype of Tc effectors
Tc effectors were prepared as described above. Cell suspensions were stained with the
following Abs for cell surface analysis: CD8-PerCP (53-6.7; BD Biosciences), CD25-FITC
(7D4; BD Biosciences), and CD44-allophycocyanin-Alexa Fluor 750 (IM7; eBioscience),
CD62L-Pacific Blue (MEL-14; eBioscience), CD69-PE (H1.2F3; BD Biosciences), and
CD90.1-PerCP. For intracellular cytokine staining, single Tc effector cell suspensions were
cultured for 4 h with 10 ng/ml PMA, 500 ng/ml ionomycin, and 10 μg/ml brefeldin A. Cells
were harvested and incubated with Ab to cell surface markers. Cells were then fixed with 4%
formalin and incubated with Abs to intracellular cytokines: IFN-γ-Pacific Blue, IL-2-FITC
(JES6-5H4; eBioscience), IL-17-PE, TNF-α-PE-Cy7 (MP6-XT22; BD Biosciences), IL-10-
Alexa Fluor 647 (JES5-16E3; eBioscience), IL-17-Pacific Blue (TC11-18H10; BioLegend),
or granzyme B-PE (GB11; Caltag Laboratories) in 0.1% saponin buffer. For FoxP3 and
intracellular cytokine costaining, cells were also cultured for 4 h with PMA/ionomycin and
brefeldin A. Cells were harvested and incubated with Ab to cell surface markers and then fixed
with Fixation/Permeabilization solution (BD Biosciences) for 10 min. Cells were then washed
with 1× Perm/Wash buffer (BD Biosciences) and then permeabilized with 1× Perm/Wash
buffer with 0.05% Triton X-100 for 10 min. Then cells were incubated with Abs to cytokines
and FoxP3 in 1× Perm/Wash buffer with 0.05% Triton X-100, FoxP3-PE (FJK-16s;
eBioscience), IL-17-Pacific Blue, and IFN-γ-FITC (XMG1.2; BD Biosciences). Cells were
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analyzed on the CyAN LX9 laser flow cytometer (DakoCytomation). The staining profiles
were analyzed using FlowJo.

Cytokine and chemokine message
RNAs were extracted using a RNeasy Mini kit (Qiagen) and treated with RNase-Free DNase
(Qiagen) according to the manufacturer’s protocol. cDNAs were synthesized from 2 to 5 μg
of total RNA using 100 U of Superscript II Reverse Transcriptase (Invitrogen) and 125 ng of
random primer (Invitrogen). Quantitative PCR was performed using TaqMan Universal PCR
Master Mix on the Applied Biosystems Prism 7700 sequence detection system. Primers and
probes to IL-17F (Mm00521423_m1), IL-22 (Mm00444241_m1), RORγt (Rorc,
Mm00441139_m1), and perforin (Prf1, Mm00812512_m1) were purchased from Applied
Biosystems. Dr. S. Smiley and P. S. Adams designed the primers and probes for GAPDH, IL-2,
IL-4, IL-10, IL-17, IFN-γ, TGF-β, T-bet, GATA-3, and FoxP3 (Trudeau Institute, Saranac
Lake, NY). Levels were expressed as fold in comparison to levels for GAPDH.

Cytolytic activity
The cytolytic activity of the in vitro-generated OT-1 Tc1 and OT-1 Tc17 effector populations
was measured against peptide pulsed EL-4 targets using the JAM assay (61). In brief, CD8
effectors were washed and plated at decreasing concentrations in 96-well round-bottom plates.
EL-4 targets, labeled for 4 h with 4 μCi/ml [3H]thymidine (Amersham Biosciences) and pulsed
for 4 h with peptide, were added to effectors at a concentration of 1 × 104 cells/well. SIINFEKL
peptide, or irrelevant peptide (KAVYNFATM) as a control, was added at final concentration
of 2 μg/ml. After 4 h at 37°C, plates were harvested, and incorporated [3H]thymidine was
measured using a beta plate scintillation counter (Wallac). The percentage of specific
cytotoxicity was calculated as ((spontaneous cpm - experimental cpm)/spontaneous cpm) ×
100.

Adoptive transfers, lethal infection, weight changes and survival
C57BL/6 mice were injected i.v. with 4, 8, or 16 × 106 of Tc17 or Tc1, made from OT-I wild
type, IFN-γ-/- or perforin-/- mice, or P14 Tc17 effector cells on day -1 and challenged on day
0 with an i.n. lethal dose of 2 LD50 influenza A/PR8ova1 virus or 3 LD50 influenza A/PR8
virus. Mice were weighed every second day and weight was expressed as percentage of initial.
A cohort of mice was followed up to day 28 after challenge to determine percent survival.
Control mice received Tc17 effectors from P14 mice.

Adoptive transfers, sublethal infection, and cellular response
B6.Thy1.1 mice were injected i.v. with 2 × 106 of OT-1.CD45.1 Tc17 effector cells on day -1
and challenged on day 0 with an i.n. sublethal dose of 0.3 LD50 influenza A/PR8ova1 virus.
Mice were weighed every second day and weight was expressed as percentage of initial. Mice
were sacrificed at various time points before and after influenza infection, and spleen, lung,
MedLN, BAL, and ILN were taken as described. Single-cell suspensions (5 × 105) were
cultured in 24-well plate for 4 h with 10 ng/ml PMA, 500 ng/ml ionomycin, and 10 μg/ml
brefeldin A or with 5 μg/ml OVA peptide (SIINFEKL) and 10 μg/ml brefeldin A. Genetically
different spleen cells (5 × 105) from naive B6 mice were added as APCs. Cells were harvested
and cell surface markers were stained with the following Abs: CD8-allo-phycocyanin-Alexa
Fluor 750, CD45.1-FITC (A20; eBioscience), CD45.2-biotin (104; BD Biosciences), CD90.1-
PerCP and CD90.2-PE-Cy7 (53-2.1; eBioscience), CD11b-allophycocyanin-Alexa Fluor 750
(M1/70; eBioscience), CD11c-PE-Cy7 (N418; eBioscience), Gr-1-PerCP-Cy5.5 (RB6-8C5;
BD Biosciences), F4/80-Pacific Blue (BM8; eBioscience), anti-neutrophils-FITC (7/4;
Serotec), I-Ab-PE (AF6-120.1; BD Biosciences). Biotinylated Abs were counterstained with
streptavidin-Pacific Orange and then fixed with 4% formalin. Cells were then incubated with

Hamada et al. Page 6

J Immunol. Author manuscript; available in PMC 2010 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Abs to intracellular cytokines, IFN-γ-Pacific Blue, IL-17-Alexa Fluor 647 (TC11-18H10;
BioLegend), and granzyme B-PE in 0.1% saponin buffer. Cells were analyzed on the
FACSCanto II. Transferred donor cells were gated on CD45.1+, CD45.2-, CD90.1-,
CD90.2+, CD8+, and neutrophils were gated on Gr-1high, 7/4high, CD11b+, F4/80-, and I-Ab-

and their staining profiles were analyzed using FlowJo.

Results
IL-17-secreting CD8 T cells are detected in primary responses to influenza A

C57BL/6 mice were challenged with a sublethal dose of A/PR8 influenza virus. Groups of
mice (n = 3) were sacrificed just before challenge (day 0) and on days 2, 4, 8, 12, 22, and 34
after challenge. Spleen, lung, MedLN, ILN, and BAL cell suspensions were prepared and
analyzed for intracellular IL-17 and IFN-γ after restimulation with PMA and ionomycin or NP
peptides as described in Materials and Methods and counterstained with anti-CD4 and anti-
CD8.

The number of IL-17-producing CD8 (Fig. 1A) and CD4 T cell (Fig. 1B) in the lung of the
infected mice after restimulation with PMA and ionomycin was slightly increased at day 2
after infection and rose almost 100-fold to a peak at day 12 for IL-17+ CD8 T cells and at days
8–12 for IL-17+ CD4 T cells. The number of IL-17+ CD8 T cells, at 60,000, on day 12 after
infection was slightly higher than that of CD4 T cells. The number of IL-17+ CD4 T cells was
still 30% of that seen at the peak at day 33, but only 6% of IL-17+ CD8 T cells still remained.
Representative flow data are shown in Fig. 1C for days 0 and 12 but similar data were collected
for all time points.

In comparison, the number of IFN-γ+CD8 (Fig. 1A) and CD4 (Fig. 1B) T cells in the lung after
restimulation with PMA/ionomycin or NP peptides peaked on day 8–12 and was much greater
that that seen for IL-17. Most of the IL-17+ CD8 T cells at day 2 after infection were
IL-17+IFN-γ-, but 40∼80% of IL-17+ CD8 T cells were IL-17+IFN-γ+ by day 8 (Table I).

A similar pattern of CD8 and CD4 of IL-17-producing cells was also seen in the MedLN and
BAL but the responses in the spleen and ILN were less marked (data not shown).

It was of interest that a considerably higher percentage of CD4 cells with the potential to make
IL-17 was present before infection than was the case for CD8 and this is reflected in the higher
percentage seen at day 0 in Fig. 1C. It can be seen, in Table I, that the number of total CD4
increased greatly during the response, while the number of IL-17-secreting CD4 cells increased
<10-fold (Fig. 1B) and as a consequence the percentage of CD4 cells (Fig. 1C) that had the
potential to make IL-17 actually fell. In contrast, the number of CD8 IL-17-secreting cells at
day 0 started much lower than for CD4 and increased 100-fold, while the total number rose
<15-fold and the percentage of cells making IL-17 rose. In the early phase of the response,
most IL-17-secreting cells are IFN-γ negative, but double producers emerge as the response
proceeds. The number of double producers is indicated in Table I.

The number of IL-17-producing CD4 and CD8 T cell in the lung after restimulation with
influenza NP peptides, as judged by intracellular cytokine staining, was almost the same as
that without stimulation. This could be taken to indicate that cells specific for these peptides
were not a major component of the response.

To confirm the generation of Ag-specific Tc17 cells, we used ELISPOT assays to measure
cytokine secretion. CD8 T cells from OT-1.Thy1.1 mice were injected into C57BL/6.Thy1.2
mice that were then given i.n. 2 LD50 of A/PR8ova1, carrying the SIINFEKL OVA peptide
insert in the neuraminidase stalk. Lungs were harvested at day 6 and the cell suspension was
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treated with anti-Thy1.2 and complement to remove host T cells. ELISPOT assays were
performed on 8 × 105 of the resulting population (depleted of host T cells) which were
stimulated with SIINFEKL peptide (sinf) or PMA/ionomycin as shown in Fig. 1D. Cells from
lung stimulated with PMA and ionomycin (donor CD8 and host non- T cells) or with OVA
peptide SIINFEKL (donor CD8 only) gave 400 or 250 IL-17-secreting cells per 8 × 105 cells
assayed, respectively. Cells that were not stimulated in vitro, or stimulated with an unrelated
LCMV peptide, or stimulated cells from uninfected mice gave lower numbers of spots. Parallel
assays on cells from the spleen showed only background levels of secretion (data not shown).
Values of p values for the differences between stimulation with specific and nonspecific peptide
and for cells from infected and control mice are indicated in Fig. 1C, and it can be seen that
the response to the A/PR8ova1 influenza virus includes a statistically significant increase in
Ag-stimulated IL-17-secreting Tc17 cells in the infected lung.

Injection of Ab to IL-17 reduces heterosubtypic protection to influenza A
We sought next to determine whether IL-17 secretion played a role in the protection against
influenza. C57BL/6 mice were primed with 2500 TCID50 of cold-adapted A/Alaska6/77 on
day -35 and were challenged with 4 LD50 of A/PR8 on day 0. Injections of depleting Ab to
IL-17 or isotype control were performed 1 day before and 2, 3, and 5 days after challenge. One
group of five mice was treated with four injections of 0.1 mg of anti-IL-17 Ab. A second group
of five mice was treated with four injections of 0.1 mg of isotype control IgG2b. A third control
group was not primed and all died upon challenge. It can be seen in Fig. 2, experiment 1, that
four of five of the isotype control-injected mice were protected from lethal challenge, lost only
20% weight, and started to regain weight by day 8. The anti-IL-17 Ab-treated group suffered
severe weight loss and only one of five survived, and mice in this group did not start to regain
weight until after day 10. In a second experiment (Fig. 2, experiment 2) with 2-fold lower viral
challenge, all of the mice survived in both groups but weight loss was significantly increased
in the anti-IL-17 Ab-injected group from days 9 through 12 (p = 0.066, day 8; 0.033, day 9;
0.029, day 10; 0.022, day 11; 0.039, day 12; and 0.30, day 14).

IL-17-secreting CD8 T cells can be generated in vitro
The conditions for the generation of Th17 in vitro are well documented but we sought here to
determine what cytokines might be involved in the generation of Tc17 effectors. We tested a
variety of combinations to establish the optimal conditions for the generation of IL-17-secreting
CD8 T cells. In brief, 106 CD8 T cells from OT-1 mice, prepared by positive selection, were
cultured with (the OVA-derived peptide) SIINFEKL-pulsed B blasts (one CD8 cell to three B
cells) obtained by 3-day culture in LPS and DXS and the following cytokines: IL-2, IL-1β,
IL-6, IL-21, IL-23, and TGF-β. Abs to IL-4 and IFN-γ were also added. Cultures were fed with
additional medium containing IL-2 on day 2. It can be seen (Fig. 3A) that the naive cells
proliferated extensively under each of these conditions and expanded up to 15-fold (left-hand
panels). IL-21 was critical for the generation of Tc17 cells. The inclusion of IL-23 in addition
to IL-21 only marginally increased the yield of Tc17 cells. The maximum percentage (Fig.
3A, right-hand panels) and maximum numbers (Fig. 3A, middle panels) of IL-17-secreting
cells were seen when IL-21 and IL-23 were both present in the culture medium. The addition
of TNF or anti-TNF had no effect on the recovery of Tc17 cells (data not shown).

IFN-γ added to naive CD4 T cells suppressed the generation of Th17; therefore, we tested the
potential inhibitory role of IFN-γ on the generation of Tc17 cells by comparing the response
of OT-1 cells from wild-type (Fig. 3A) with that from IFN-γ deficient mice (Fig. 3B). It can be
seen that the yields and numbers of IL-17-positive cells were almost double in Tc17 populations
derived from IFN-γ-deficient mice compared with wild-type mice. However, when we
compared Tc17 from wild-type-sorted naive CD8 T cells (which secrete less IFN-γ than Tc17
generated from unselected CD8 cells (see Fig. 5B) with Tc17 from naive IFN-γ-deficient CD8
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T cells, their fold expansion and ratio of IL-17-producing cells were almost the same (data not
shown). The characteristics of Tc17 generated from TNF-deficient or perforin-deficient mice
were no different from those generated from wild-type mice (data not shown). In a separate
experiment, we found that the addition of LE540, a RA inhibitor, did not affect the percentage
and number of IL-17-secreting cells (data not shown).

The optimal T:B ratio for generating IL-17-producing CD8 T cells was determined to be one
CD8 T cell to three B blasts (data not shown). We also titrated the optimal concentration of
peptide for pulsing B blasts and the highest numbers of IL-17-producing cells were induced
when B blasts were pulsed with 10 μg/ml peptide (data not shown).

To determine whether each cytokine is required to induce IL-17-producing CD8 T cells, Tc17
effectors were prepared using protocols that removed one of each cytokine or Ab from the full
cytokine and Ab mixture (Fig. 4). IL-6, TGF-β, and anti-IFN-γ Ab and, to a less extent,
IL-1β were critical for generation of Tc17 cells. Removal of anti-IL-4 Ab was without effect.
It should be pointed out that the “B blasts” used as APC are also a source of several factors
including IL-1 and IL-6; therefore, omission of these factors from the mixture did not eliminate
their presence from the medium. IL-17-producing cells were enhanced in the absence of IL-2
(Fig. 4B). To determine whether these minimum critical reagents were sufficient for Tc17
generation, Tc17 were prepared with IL-6, TGF-β, IL-21, and anti-IFN-γ. The Tc17 prepared
with the minimum set of reagents were identical to Tc17 prepared when the full set of reagents
was added, as assessed by cytokine production, mRNA expression, and protective activity
against lethal influenza virus challenge (data not shown). In agreement with the lack of
requirement for IL-2, IL-17-producing CD8 T cells were enhanced by IL-2 blocking (data not
shown).

To determine whether contaminating memory cells might influence polarization, Tc17 effector
cells generated from unselected CD8 T cells (Tc17) were compared with Tc17 effector cells
from naive CD44lowCD62Lhigh CD8 T cells obtained by fluorescent-activated cell sorting
(designated nTc17). We found that Tc17 effector cells derived from naive cells expanded more
than those from unselected cells (average 21.0-fold compared with 13.4-fold; data not shown).
Sorted naive CD8 cells also gave rise to higher percentages of IL-17-secreting cells (61.3%)
than unselected CD8 (49.3%) as shown in Fig. 5B and higher yields were also seen when the
naive CD8 T cells used were obtained from younger mice (data not shown).

The Tc17 cells generated using peptide-pulsed B blasts, IL-2, IL-1β, IL-6, IL-21, IL-2,3 and
TGF-β and Abs to IL-4 and IFN-γ were stained with a panel of fluorescence-labeled Abs to
determine their cell surface phenotype. It can be seen that the Tc17 population was similar to
that of Tc1, Tc2, and Tc0 cells generated in parallel in that they were
CD69highCD44highCD25high and had the same forward scatter and side scatter (data not
shown). CD62L expression on Tc17 cells was very low and CD8α expression was repeatedly
seen to be somewhat down-regulated (data not shown). All live cells were CD90+ and there
were no CD19+ cells present, indicating that the mitomycin-treated B cells used as APCs were
gone by the time of harvest (data not shown). Thus, despite dramatic differences in function,
the cell surface phenotype differed little among CD8 subsets.

Cytokines secreted, granzyme B expression, and FoxP3 expression of Tc17 CD8 effector
populations compared with other subsets

In vitro-generated Tc17 and Tc1 effectors from wild-type OT-1 mice, prepared as above, were
stimulated with PMA and ionomycin for 4 h and stained with a panel of Abs for intracellular
cytokines. The pie diagrams in Fig. 5A show the cytokine secretion patterns of IL-17+ and
IL-17- cells in Tc17 effectors generated from unselected CD8 populations “Tc17” or selected
naive CD8 “nTc17.” It can be seen (Fig. 5A, Tc17) that 49.3% of the cells prepared from
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unselected CD8 T cells made IL-17 while 51% did not. The percentage of IL-17+ cells was
somewhat higher (at 61%) when cells were generated from naive CD8 (nTc17). In either case,
many of the IL-17+ or IL-17- cells also made TNF-α and a smaller percentage also made IL-2.
Very few cells were positive for IFN-γ secretion and IFN-γ production in the Tc17 cells
prepared from unselected CD8 T cells (10%) was higher than that in Tc17 made from naive
CD8 (2.6%). Only a very small fraction of the Tc17 effector population was positive for
granzyme B in contrast to populations of Tc1 effectors in which >75% were positive. Tc17
effector cells from naive CD44lowCD62Lhigh CD8 T cells (nTc17) contained more IL-17-
secreting (61.3%) and fewer IFN-γ (2.6%)- and granzyme B-secreting (0.8%) cells (Fig. 5, A
and B). Unstimulated controls were negative for all cytokines, except that measurable amounts
of IL-17 were secreted without restimulation (data not shown). Thus, Tc17 effectors exhibited
a unique pattern of cytokine secretion and granzyme B expression that differed from that of
Tc1.

In additional experiments, we stained the Tc17 populations for IL-10 and IL-17 and found that
the majority of IL-10-secreting cells were IL-17 negative but that a significant number of cells
were double producers (data not shown).

Tc17 effectors prepared from IFN-γ-deficient OT-1, TNF-deficient OT-1, or perforin-deficient
OT-1 mice exhibited very similar cytokine profiles upon stimulation but were completely
negative for IFN-γ, TNF, or perforin, respectively, as expected (data not shown).

A very small FoxP3-positive fraction was also detected in Tc17 effector populations (0.88%)
from unselected CD8, but this fraction did not coproduce either IL-17 or IFN-γ (Fig. 5C). As
was true for IFN-γ and granzyme B expression, Tc17 effectors from sorted naive CD8 T cells
contained lower levels of FoxP3 expression (0.35%; data not shown).

Cytokine and transcription factor message profiles of Tc17 CD8 effector populations
To further evaluate the unique properties of Tc17 effectors, we prepared populations of cells
containing predominantly Tc17 (from unselected CD8 T cells), nTc17 (from sorted naive CD8
T cells), and Tc1 or Tc2 CD8 effectors prepared as before. The cells were harvested at day 4
and RNA was extracted from the effector populations and assayed for message expression by
TaqMan PCR. Message expression was compared with GAPDH. It can be seen in Fig. 6A that
the Tc17 population of effectors was positive for cytokines IL-2, IL-17A, IL-17F, IL-22, IL-10,
and TGF-β. It was negative for IL-4 and IFN-γ. Tc1 effector populations were positive for IFN-
γ and Tc2 were positive for IL-4, as expected. These same effector populations were assayed
for transcription factor message. It can be seen in Fig. 6B that Tc1 effector populations were
positive for T-bet and Tc2 for GATA-3 and both Tc1 and Tc2 were negative for RORγt and
for FoxP3. Tc17 effector populations were negative for T-bet and GATA-3 but were positive
for both RORγt and for FoxP3. Interestingly, when we prepared Tc17 from naive CD8 T cells
(nTc17), the expression of IL-22 and FoxP3 both disappeared, suggesting that effectors
expressing these characteristics were derived from the CD44high memory cells in the unselected
CD8 population.

It should be pointed out that an absence of message provided evidence that cells expressing
that message were not present. The presence of message showed that cells expressing that
message were present but cannot reveal what fraction of the cells expressed message or whether
the same cell or different cells expressed each of the messages identified.

Tc17 effectors lack both perforin message expression and cytolytic activity
Tc1 and Tc17 effector-containing populations were also assayed for expression of perforin
mRNA and for cytolytic activity in the JAM assay. It can be seen in Fig. 7A that the Tc17
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populations did not express perforin message in comparison to Tc1. Tc1 (■ and □), Tc17 (●
and ○), or IFN-γ-deficient Tc17 (◆ and ◇ effectors were incubated with tritium-labeled EL-4
targets that were pulsed with SIINFEKL peptide (Fig. 7A, ■, ●, and ◆)or P14 peptide (□, ○,
and diao]). It can be seen in Fig. 7B that Tc17 effectors had less than one hundredth of the lytic
activity seen with Tc1 effectors and that the lytic activity of Tc17 cells against specific peptide-
pulsed targets was almost the same as that against control targets.

Injection of Tc17 effectors protects naive mice from lethal influenza A challenge
We next looked to see whether the Tc17 effector populations had any function in vivo. The
various CD4 T cell subsets have been shown to have differing biological functions and a similar
diversity has been seen between Tc1 and Tc2, which we have shown can reject tumors by
different mechanisms (58,59,62). We had also shown that Tc1 and Tc2 are both cytolytic and
that adoptive transfer of either the OVA-specific effector population can protect against
influenza infection using A/PR8 (60).

Tc17 and Tc1 effectors were generated from naive CD8 T cells obtained from OT-1 mice.
Four, 8, or 16 million effector cells were injected into naive C57BL/6 recipients that were
challenged 1 day later with ∼2 LD50 of influenza A/PR8ova1. It can be seen (Fig. 8) that both
Tc17 and Tc1 effectors brought about a reversal in weight loss (Fig. 8A). Four of five of the
mice injected with 4 million Tc17 effectors survived, in contrast to uninjected mice that
continued to lose weight and all died. Four million of Tc1 effectors were almost as protective
as Tc17, protecting three of five mice (Fig. 8B). Eight million of either Tc17 or Tc1 effector
cells gave complete protection against lethal influenza virus. Four million Tc17 effectors
generated from OT-1 mice were not able to protect mice that were challenged with 3 LD50 of
influenza A/PR8. Neither 16 million naive OT-I CD8 T cells nor 4 million Tc17 effectors
generated from P14-transgenic mice protected mice that were challenged with ∼2 LD50 of
influenza A/PR8ova1 (data not shown).

The protective effect of Tc17 effectors is relatively independent of perforin compared with
that of Tc1 effectors

Tc1 and Tc17 effectors were prepared from CD8 T cells from wild-type OT-1,
OT-1.perforin-/-, and OT-1.IFN-γ-/- mice. Four or 8 × 106 cells were injected into naive mice
that were then challenged with 2 LD50 A/PR8ova1. It can be seen in Fig. 9 that uninjected
control mice all lost weight and died. Mice injected with wild-type Tc17 (Fig. 9B, upper
part, or wild-type Tc1, lower half, recovered weight early. All survived in mice injected with
8 × 106 wild-type Tc17 effector cells, while survival was only 70% when injected with only 4
× 106 wild-type Tc17 effector cells. Mice protected with 8 × 106 Tc17 effector cells from
perforin-deficient donors survived as well as those injected with effector cells from wild-type
mice. Mice injected with only 4 × 106 perforin-deficient Tc17 cells lost slightly more weight
and only 50% survived. Mice injected with comparable numbers of Tc17 effectors from IFN-
γ-/- mice were slightly less well protected with 70% survival in mice receiving 8 × 106 effectors
and only 20% in mice receiving 4 × 106 cells.

In marked contrast, although wild-type Tc1 effectors protected as well as comparable numbers
of Tc17, the protective effect was much more dependent on the ability to express perforin, with
only 60% survival after transfer of 8 × 106 Tc1 cells and 25% survival with transfer of 4 ×
106 perforin-deficient Tc1 cells. Protection was independent of IFN-γ at 8 × 106 cells and was
not tested at 4 × 106 cells. We conclude that Tc17 and Tc1 effectors protected by different
mechanisms.
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The numbers of adoptively transferred Tc17 effectors expand considerably in the lungs and
lymphoid organs of recipient mice following sublethal challenge

To follow the response of the Tc17 cells, we transferred 2 × 106 Tc17 effector T cells into
naive recipients that were given a sublethal i.n. challenge of 0.3 LD50 A/PR8ova1 1 day later
and the numbers of IL-17-secreting cells followed for 17 days. It can be seen in Fig. 10 that
the number of cells in all locations expanded ∼100-fold peaking at day 8 and then declined
again to near the initial value by day 17. Highest numbers were seen in the lung, with 5 million
at day 8, followed by 10-fold lower numbers in the spleen and lymph nodes and the lowest
numbers were seen in the BAL. Donor cells remained IL-17+IFN-γ- at the initial time points
but most became double producers by day 7 (data not shown).

Protection conferred by Tc17 effectors correlated with the recruitment of significantly greater
numbers of neutrophils shortly after challenge

Tc17 are known for their ability to induce an inflammatory reaction. We therefore examined
whether the mice protected with Tc17 showed any evidence of increased neutrophil recruitment
into the lung. Mice were injected with 4 × 106 of Tc1 or Tc17 effectors and challenged with
0.3 LD50 A/PR8oval. Mice were sacrificed at the time shown and cell suspensions were
prepared from the perfused lungs and the numbers of neutrophils were determined. It can be
seen in Fig. 11 that there was an earlier increase in the number of neutrophils in the Tc17-
injected mice that was statistically greater than that seen in uninjected control mice at day 2
and higher than both Tc1 and control mice by day 5. Neutrophil recruitment into the lungs of
control mice was delayed but was eventually higher than in both the Tc1- and Tc17-injected
mice by days 8 and 15.

Discussion
Th17 cells have been implicated in the response to a number of pathogens and we show here
that both CD4 and CD8 IL-17-secreting cells can be detected in the lungs of mice responding
to influenza A infection. Somewhat higher levels of IL-17-secreting cells were seen in the
secondary response to influenza (data not shown).

We speculate that Tc17 cells represent highly differentiated effector cells that are recruited to
the lung during a pulmonary infection.

The injection of blocking Abs to IL-17 enhanced weight loss and diminished survival in
response to lethal heterosubtypic challenge, suggesting that IL-17 plays some role in protection.
The blocking of IL-17A does not block IL-17F or IL-22 and it may be that these factors can
make up for the lack of IL-17A.

IL-17-secreting CD8 effector T cells can be generated in vitro using similar strategies to those
used to generate Th17 effectors. In critical experiments, we used cell-sorted naive CD44low

populations as our starting cell population, but in other experiments using unselected CD8
there were only modest differences in the resulting population. Tc17 prepared from naive cells
had higher levels of IL-17-secreting cells and lower levels of IFN-γ and granzyme B. They
were devoid of message for IL-22, which we presume must be derived from effectors derived
from memory cells. We used a basic mixture of cytokines modeled after studies with CD4 T
cells, including IL-1β, IL-6, and TGF-β with additional IL-2 and Abs to IL-4 and IFN-γ, two
cytokines that had been shown to be inhibitory to the development of Th17. In later studies,
we omitted IL-2 and added Ab to IL-2 which improved yields. The inclusion of IL-21 appeared
to be crucial and enhanced proliferation and the development of the capacity to secrete IL-17
upon restimulation. The addition of IL-23, either in the presence or absence, of IL-21, led to
only a modest improvement in yield and differentiation.
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RA has been shown to antagonize the effect of TGF-β in the generation of Th17 effectors
(41). In our studies here, we found that the addition of the RA inhibitor LE540 had relatively
little effect (data not shown). Dendritic cells from MedLN (used in the Mucida study (41))
have been shown to secrete RA (63) and it seems likely that the lack of effect in our studies is
due to the fact that we used LPS-stimulated B cells for Ag presentation, which we presume
secrete no RA. IFN-γ and IL-4 inhibit Th17 generation by directing development toward Th1
or Th2 effectors (12) and we found that the yield of Tc17 effectors was significantly increased
when effectors were generated using CD8 T cells from IFN-γ-deficient rather than wild-type
OT-1 mice when effectors were prepared from unselected CD8 cells. In other experiments
(data not shown), we found that the T cells had already differentiated into IL-17-producing
cells in the first 2 days of incubation and their messenger RNA expression was almost the same
as day 4 Tc17 effector cells. The number of Tc17 effector cells expanded linearly through days
2–5 with a similar ratio fraction of IL-17-secreting cells.

The cell surface phenotype of the Tc17 effector population was very similar to that of Tc1 and
Tc2 effectors. CD25, CD44, and CD69 were all up-regulated. CD62L was down-regulated as
in Tc1 and Tc2 but expression was unusually low. We have previously shown that only the
most highly differentiated, CD62Llow CD4 (64) or CD8 (65) effectors migrate to the lung and
the finding here supports the idea that this is also true for Tc17 cells.

Several features of effector function of the Tc17 population emerged from the analysis of
intracellular cytokine staining and by PCR assays of effector cell RNA. Fifty to 70% of the in
vitro-generated effector population secreted IL-17 upon restimulation as judged by
intracellular cytokine staining. A large fraction of the IL-17-secreting cells also secreted TNF
and a smaller fraction also secreted IL-2. It was striking that there were very few cells in the
IL-17-positive or negative effector population that secreted IFN-γ or stained for granzyme B.
Only 2–5% of the IL-17-positive cells were also positive for IFN-γ. This appears to be a
consequence of the special conditions used for in vitro generation and was not characteristic
of IL-17-secreting cells in vivo. The IL-17-negative population also secreted TNF but still only
a few cells were positive for IFN-γ. Tc17 effector cells from sorted naive CD44low

CD62Lhigh CD8 T cells (nTc17) had fewer IFN-γ and granzyme B- and FoxP3-positive cells
than Tc17 effector cells from unselected CD8 T cells (Tc17), and we conclude that these cells
maybe come from memory CD8 (CD44high) T cells.

CD8 T cells of this Tc17 phenotype are unique in that they are able to produce IL-17A and
IL-17F and lack perforin and granzyme B expression and have no cytolytic activity. The
coexpression of TNF is probably part of the same phenotype, but how far TGF-β and IL-2
secretion are linked or come from cells of a separate subset is not clear. FoxP3 and IL-10
appeared to be made by IL-17-negative cells. Th17 have been shown to secrete IL-22. We
found, however, that although Tc17 effectors from unselected CD8 T cells had a significant
amount of message for IL-22, Tc17 effector cells made from naive CD8 T cells were negative.
This result suggests that IL-22 detected in Tc17 effector populations also comes from effectors
derived from CD44high memory cells. A similar observation has been made for CD4 T cells
by Kreymborg et al. (34) who showed that IL-22 was induced by IL-23 but only in the
CD62Llow population.

One can make a Venn diagram of overlapping circles, one for each cytokine and define a
considerable number of cytokine secretion patterns but it is questionable that these should be
considered discrete subsets.

The presence of IL-17-negative cells in the effector population could be taken as evidence that
the population was incompletely polarized. Arguing against contamination, at least with Tc1,
was the finding that almost none of the cells secreted IFN-γ or stained for granzyme B. The
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effector population also lacked any detectable cytolytic activity, also arguing against
contamination. An absence of cytolytic activity in IL-17-secreting CD8 T cells was also
observed by Liu et al. (66) who termed them Tnc17 cells (for non-cytolytic). It is of interest
that stimulation of naive CD8 T cells under rather different conditions (in the presence of IFN-
γ and absence of IL-6 and TGF-β) led to the development of strong cytolytic activity (67).

The PCR analyses showed that the Tc17 effector population contained message for IL-17A
and IL-17F, as expected, but was negative for perforin message, again in contrast with Tc1.
The Tc17 effector RNA was negative for IL-4 message, arguing against contamination with
Tc2 but showed some message level for IL-10 and TGF-β, raising the possibility of
contamination with some sort of CD8 equivalent of regulatory T cells or contaminating CD4
T cells. However, Tc17 effector cells from FACS-sorted naive CD8 T cells still showed some
message level for IL-10 and TGF-β, and this did not come from CD4 T cells. This was further
supported by the presence of message for FoxP3 in addition to RORγt while the absence of
message for T-bet and GATA-3 reenforced that concept that there Tc1 and Tc2 were both
absent. Alternatively, it is possible that T cell subsets should be regarded more as a continuum
rather than solely as a limited number of discrete subsets and we are inclined to the latter belief.

We have made a preliminary investigation of the role of Tc17 cells in vivo. The fact that they
can be seen in the lungs of flu-infected mice is consistent with that they do play some role. In
a second model, we transferred Tc17 or Tc1 effectors from OT-1 mice into naive recipient
mice that were then challenged with ∼2 LD50 of influenza A/PR8ova1. The Tc17 effectors
reversed weight loss and increased survival after what would otherwise have been a lethal
challenge. Tc17 effectors prepared from perforin-deficient mice were equally as effective as
those prepared from wild-type mice, while Tc1 effectors from perforin-/- mice were less
effective. Tc17 effectors, however, were somewhat less effective if made from IFN-γ-/- mice
while Tc1 effectors were unchanged. Tc17 effectors in vivo are double producers, making
IL-17 and IFN at later stages in the response, as noted in the description of Figs. 1 and 10, and
it would appear that this IFN can play some role in the protection afforded by Tc17 effectors.
The results indicate that Tc17 and Tc1 effectors protect by different mechanisms. The Tc17
effectors were able to protect the recipient mice from lethal challenge despite the fact that they
lacked any cytolytic activity, perforin message, or granzyme B expression in vitro. The Tc17
were as potent as equivalent numbers of Tc1 effectors and it is thus unlikely that a small
contaminating subset of other cells was responsible for the protection. Cytolytic destruction of
infected epithelial cells by CD8 T cells is generally considered to play a key role in the control
of influenza virus and we did not exclude the possibility that the Tc17 effectors developed
cytolytic activity after injection, although the protective ability of Tc17 prepared from perforin-
deficient mice argues against this. Tc17 effectors generated from sorted naive cells also
protected against lethal infection and the protection was Ag specific. Tc17 effector cells from
OT-1 mice did not protect against lethal influenza using A/PR8 (without the SIINFEKL insert)
and the Tc17 effector cells from P14 TCR-transgenic mice did not protect lethal influenza A/
PR8ova1-infected mice (data not shown).

The protection afforded by transfer of Tc17 effectors was accompanied by an increased influx
of neutrophils into the lung, suggesting one mechanism of protection.

Tc17 effector and memory cells can make several potent cytokines upon restimulation
including IL-17A, IL-17F, IL-21, TNF, and IL-22 and several chemokines including CCL2,
CXCL9, CXCL10, CXCL11, and CXCL13. They can also interact with other cells such as
dendritic cells, macrophages, and epithelial cells and induce a further cascade of events.

We believe that Tc17 cells may provide protection by recruiting host T cells, as shown by
Khader et al. (23), by recruiting host neutrophils, macrophages, and other cells, as shown by
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a number of investigators (reviewed in Ref. 17), by enhancing B cell responses in a number of
ways including the secretion of IL-21, stimulating B cell proliferation, and differentiation
(reviewed in Ref. 68) and by the B cell chemoattractant CXCL13, the ligand for CXCR5, which
is preferentially expressed by human Th17 cell clones (69) and finally by IL-17A which has
been shown to promote growth of airway epithelial cells (70).
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FIGURE 1.
IL-17-secreting CD8 T cells in the influenza A-infected mouse. A and B, B6.Thy1.1 mice were
infected with 0.2 LD50 influenza A/PR8. Mice were sacrificed at the times indicated, before
and following challenge, and cells suspensions were prepared from lung and restimulated with
PMA/ionomycin (■) or NP peptides (○) for 4 h or left unstimulated (□). Naive spleen cells
from B6 mice were added as APCs. After restimulation, cells were stained with Abs to
intracellular IL-17 (top) and IFN-γ (bottom) and surface CD8 (A) and CD4 (B). To exclude
other type of cells, we gated on CD3+CD90.1+CD90.2-γδ- cells. Representative flow data are
shown in C for days 0 and 12. D, Naive C57BL/6 mice were injected with 106 naive SIINFEKL/
Kb-specific CD8 T cells from OT-1 mice carrying the Thy1.1 allele and were exposed to ∼2
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LD50 of influenza A/PR8ova1. Uninfected mice served as a control. Mice were sacrificed on
day 6 and cell suspensions were prepared from lung and spleen. Recipient T cells were removed
by treatment with anti-Thy1.2 and complement and 8 × 105 of the resulting cells, derived from
the donor CD8 T cells and host non-T cells, were plated per well in an ELISPOT assay. Cells
were left unstimulated (N.S.) or restimulated with PMA and ionomycin (PMA/iono) to assay
all IL-17-secreting cells, or the albumin-derived SIINFEKL peptide (sinf) to assay IL-17-
secreting OT-1 CD8 T cells, or the P14 peptide of LCMV (P14 pep) as the unrelated control.
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FIGURE 2.
Ab to IL-17 reduces heterosubtypic protection. In experiment 1, C57BL/6 mice were primed
with 2500 TCID50 of cold-adapted A/Alaska6/77 on day -35 and were challenged with 4
LD50 of A/PR8 on day 0. Injections of depleting Ab or isotype control were given 1 day before
and 1, 3, and 5 days after challenge. One group of five mice was treated with four injections
of 0.1 mg of anti-IL-17 Ab. A second group of five was treated with four injections of 0.1 mg
of isotype control IgG2b. A third control group was not primed. A second experiment of the
same design but with 2-fold lower challenge dose is shown in experiment 2.
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FIGURE 3.
Generation of Tc17 effectors by in vitro culture. CD8 T cells were prepared from OT-1 (A) or
OT-1.IFN-γ-/- mice (B), as described in Materials and Methods. In brief, 106 CD8 T cells from
OT-1 mice were cultured for 4 days with (the OVA-derived peptide) SIINFEKL (10 μg/ml)
pulsed onto mitomycin C-treated B blasts (one CD8 cell to three B cells) obtained by 3-day
culture of T-depleted spleen cells in LPS and DXS. The following cytokines were added to the
culture medium: IL-2 (4.7 ng/ml), IL-1β (10 ng/ml), IL-6 (20 ng/ml), and TGF-β (3 ng/ml).
Abs to IL-4 (10 μg/ml) and IFN-γ (10 μg/ml) were also added. IL-21 (80 ng/ml) and IL-23 (50
ng/ml) were not added or were added singly or together in various combinations as indicated
by plusses and minuses for IL-21/IL-23. Cultures were fed with additional medium containing
IL-2 on day 2. Cells were harvested at day 4 and the fold increase (left-hand panel), the percent
IL-17-secreting cells determined by intracellular cytokine staining (right-hand panel), and the
calculated number of IL-17-secreting cells (middle panel). WT, Wild type.
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FIGURE 4.
Determination of critical cytokines for Tc17 induction. Tc17 effectors were prepared using
protocols as in Fig. 3 or with removal of each cytokine or Ab from the full cytokine and Ab
mixture (IL-1β, IL-2, IL-6, IL-21, IL-23, TGF-β, anti-IL-4, and anti-IFN-γ). Cultures were fed
with additional medium containing IL-2 on day 2 except IL-2 (**), which were not fed. Cells
were harvested at day 4 and the number of cells and the number of IL-17-secreting cells was
determined by intracellular cytokine staining (A). The fold increase is shown in B and the
calculated number of IL-17-secreting cells is shown in C. One asterisk (*) indicates that this
group had no IL-2 at the beginning of incubation, but fed only on day 2, and two asterisks (**)
indicates no IL-2 throughout the entire experiment.
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FIGURE 5.
Cytokine secretion pattern, granzyme B expression, and FoxP3 expression of Tc17 effectors.
In vitro-generated Tc17 from unselected and from CD44lowCD62Lhigh selected CD8 and Tc1
effectors were prepared as described in the legend to Fig. 3. The effectors harvested at day 4
were stimulated with PMA and ionomycin for 4 h and stained with a panel of Abs for
intracellular cytokines, including IL-2, IL-17, IFN-γ, and TNF, and the results are shown in
the pie diagrams (A). The graphs in B summarize the salient features of the staining of Tc17
compared with Tc1 and show also staining for granzyme B. Double staining for IL-17 and
FoxP3, IFN-γ and FoxP3, and IL-17 and IFN-γ is shown in C.
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FIGURE 6.
Cytokine and transcription factor message profiles of Tc17 CD8 effector populations. Tc1,
Tc2, and Tc17 effector cells from unselected CD8 T cells (Tc17) and from naive
CD44lowCD62Lhigh CD8 T cells (nTc17) were prepared as in Fig. 3. The cells were harvested
at day 4 and RNA was extracted from the effector populations and assayed for message
expression by TaqMan PCR (see Materials and Methods). Message expression was compared
with GAPDH. A, Cytokine message for IL-2, IL-4, IL-17, IL-17F, IL-22, IL-10, IFN-γ, and
TGF-β. B, Transcription factor message for RORγt, T-bet, GATA-3, and FoxP3.
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FIGURE 7.
Perforin message expression and cytolytic activity of Tc17 CD8 effector populations. Tc1 and
Tc17 effectors from unselected CD8 T cells (Tc17) and from naive CD44lowCD62Lhigh CD8
T cell (nTc17) populations prepared as in Fig. 3 were also assayed for perforin message
expression (A). B, Cytolytic activity of OT-1 Tc1 (■ and □), OT-1 Tc17 (● and ○), and IFN-
γ-deficient OT-1 Tc17 (◆ and ◇) effectors against specific SIINFEKL peptide-pulsed EL-4
(■, ●, and ◆) and nonspecific KAVYNFATM peptide-pulsed EL-4 (□, ○, and ◇) were
assessed in the JAM assay, as described in Materials and Methods.
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FIGURE 8.
Tc17 effectors provide protection from lethal challenge with influenza A. Tc1 and Tc17
effector populations were prepared and 4, 8, or 16 × 106 cells of Tc17 (A) or Tc1 (B) were
injected into naive C57BL/6 recipients that were challenged 1 day later with ∼2 LD50 A/
PR8ova1. Control mice received no effector cells. Weight changes of mice were expressed as
the percentage of initial weight.
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FIGURE 9.
Effect of IFN-γ and perforin deficiencies on Tc17- and Tc1-mediated protection against
influenza A. Tc1 and Tc17 effector populations from wild-type (WT), IFN-γ-/-, or perforin-/-

were prepared and 4 or 8 × 106 cells of Tc17 or Tc1 were injected into naive C57BL/6 recipients
that were challenged 1 day later with ∼2 LD50 A/PR8ova1. Control mice received no effector
cells. Weight changes of mice were expressed as the percentage of initial weight and percent
survival is shown. The values inside the survival graphs indicate the number of surviving mice/
the number of total mice.
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FIGURE 10.
The number of transferred Tc17 after influenza A infection. Tc17 effectors from OT-1.CD45.1
were prepared and 2 × 106 of Tc17 were i.v. injected into naive B6.Thy1.1 recipients. One day
after Tc17 injection, B6.Thy1.1 mice were i.n. infected with ∼0.3 LD50 of influenza A/
PR8oval. Mice were sacrificed at the times indicated following challenge, and cells suspensions
were prepared from spleen (□), lung (△), MedLN (▽), ILN (◇), and BAL (○) and restimulated
with PMA/ionomycin. After restimulation, cells were stained with Abs to intracellular IL-17
and surface CD8. The analysis was gated on CD45.1+CD45.2-CD90.1-CD90.2+ CD8 T cells
to exclude other cell types.
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FIGURE 11.
The number of lung neutrophils in protected and control mice after influenza A infection. Tc17
effectors from OT-1.CD45.1 were prepared and 4 × 106 of Tc17 (□) or Tc1 (△) were i.v.
injected into naive B6.Thy1.1 recipients. Control mice were not injected (◇). One day after
Tc17 or Tc1 injection, B6.Thy1.1 mice were i.n. infected with ∼0.3 LD50 of influenza A/
PR8oval. Mice were sacrificed at the times indicated following challenge, and cells suspensions
were prepared from lung. Neutrophils were gated on Gr-1high7/4highCD11b+F4/80-I-Ab-.
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