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Abstract

The generation of a heterosubtypic memory T cell response is important for cross-protective immunity against
unrelated strains of influenza virus. One way to facilitate the generation of the memory T cell population is to
control the activity of immune modulatory agents. The enzyme, indoleamine 2,3-dioxygenase (IDO), is up-
regulated during influenza infection by the interferon response where IDO activity depletes tryptophan required
in T cell response. In this study, IDO activity was pharmacologically inhibited with 1-methyl-tryptophan (1MT)
during the primary response to influenza virus infection and the effect on the memory T cell response was
evaluated. 1MT treatment improved the memory T cell response to influenza virus challenge by increasing
interferon gamma expression by CD4 and CD8 T cells, and numbers of lung virus-specific CD8 + T cells, and
increased the Th1 response as well as modifying the immunodominance hierarchy to increase the number of
subdominant epitope specific CD8 + T cells, a feature which may be linked to decreased regulatory T cell
function. These changes also accompanied evidence of accelerated lung tissue repair upon virus challenge.
These findings suggest that modulation of IDO activity could be exploited in influenza vaccine development to
enhance memory T cell responses and reduce disease burden.

Introduction

Influenza A virus is a worldwide health threat

causing seasonal morbidity and mortality (50). Emerging
strains of influenza continually threaten, as exemplified by
the recent H1N1 influenza pandemic (43), producing illness
in at-risk populations (1). Vaccination can diminish influenza
transmission and disease severity in part by antibody-medi-
ated protection. However, subtype-specific antibodies do not
provide adequate protection against heterosubtypic influenza
virus strains, whereas memory T cells can provide immunity
via recognition of conserved viral epitopes (17,19). There-
fore, inducing a robust memory T cell response is important
for protection against a population of influenza subtypes.

Indoleamine 2,3-dioxygenase (IDO) is an immune modu-
latory enzyme expressed by antigen presenting cells (APCs)
in response to proinflammatory mediators such as interferons
(IFN) and TNF-a (4,14,32,46). APCs, including plasmacytoid
dendritic cells (pDC), express IDO, which depletes trypto-
phan (Trp) and produces metabolites such as kynurenine

(Kyn) (13), leading to activation of the GCN2 kinase pathway
(14), which induces anergy in effector T cells (21), but up-
regulates regulatory T cells (Treg) (2,39). IDO also alters the
cytokine environment during activation of T cells, promoting
a Th2- over Th1-type cytokine response (56) and has been
shown to compromise CD8 + T cell cytotoxicity (6,21).

Influenza virus infection has been shown to induce IDO
(57) that may affect T cell priming and differentiation (23).
Indeed, inhibition of IDO enhances the primary T cell re-
sponse to influenza by increasing Th1 and virus-specific
CD8 + T cells (15), but whether these changes are recapit-
ulated in the memory T cell response to influenza virus
challenge is not known.

Therefore, it is of importance to evaluate the relationship
between IDO inhibition in the primary response and its
potential impact on the memory response, particularly for
virus-specific T cells for translation towards potentially
implementing IDO inhibitors to improve the outcomes of
vaccination. This study evaluates the hypothesis that inhi-
bition of IDO enhances the memory T cell response against
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heterosubtypic infection. IDO inhibition by 1-methyl-tryptophan
(1MT) resulted in a heightened memory T cell response char-
acterized by higher IFNc expression by CD4 + and CD8 + T
cells and a broader repertoire of CD8 + T cells without com-
promising the response against immunodominant epitopes.

Materials and Methods

Influenza, mice, and IDO inhibition

Influenza A strains X31 (H3N2; A/Aichi/2/1968 · A/
Puerto Rico/8/1934) and PR8 (H1N1; A/Puerto Rico/8/
1934) were propagated in 9-day-old embryonated chicken
eggs, recovered from allantoic fluids, and stored at - 80�C
until use. Virus titers were determined by plaque assay using
MDCK (16). Eight-to-ten week old female C57BL/6 mice
(Charles River, Wilmington, MA) were anesthetized using
2,2,2-tribromoethanol (Avertin) (51) and intranasally (i.n.)
infected with 103 plaque forming units (PFU) of X31 in
50 lL PBS. IDO was inhibited by oral administration of
D,L-1-methyl-tryptophan (Sigma-Aldrich, St. Louis, MO) in
drinking water (2 mg/mL with 2 mg/mL of aspartame) dur-
ing the primary T cell response (15,25). Aspartame was
added to increase palatability or used alone in the control
group. Both solutions were filter-sterilized and provided to
cohorts of mice ad libitum 3 days before virus infection and
thereafter for 14 days and was replaced with a fresh solution
every 5 days. Twenty-eight days after i.n. infection with
X31, mice were i.n. intranasally challenged with 10 LD50 of
PR8 (100 PFU) in 50 lL PBS. 1MT was not administered
before or after challenge with PR8. All animal work was
approved by Institutional Animal Care and Use Committee
of the University of Georgia.

Cell preparation and flow cytometry

At various time points post PR8 challenge, mice were eu-
thanized and cells in the airways were collected by bronch-
oalveolar lavage (BAL). Single cell suspensions were also
prepared from the mediastinal lymph nodes (MLN) in PBS
following passage through 100 lm cell-strainers (BD Bios-
ciences, San Jose, CA). Cell numbers from the tissue samples
were enumerated using a Z2-Coulter-Counter (Beckman-
Coulter, Brea, CA). These cells were immune phenotyped as
previously described (53). Cells were stained with antibodies
against CD8, CD4, CD62L, CD44 (BD Biosciences) in com-
bination with MHC-Class I Tetramers (Emory University,
Atlanta, GA) loaded with influenza peptides: NP366–374: AS-
NENMETM (H-2Db), PA224–233: SSLENFRAYV (H-2Db),
and PB1703–711: SSYRRPVGI (H-2Kb).

For intracellular IFNc cytokine staining, the cells were
fixed and permeabilized with fixation/permeabilization
buffer (BD Biosciences), then stained with anti-IFNc anti-
bodies in permeabilization buffer for 30 min at 4�C as
described previously (15). CD4 and CD8 T cells were an-
alyzed by flow cytometry using a BD LSR-II (BD Bios-
ciences) where at least 50,000 events were recorded
following gating on T cells (BD FACSDiva, BD Bios-
ciences) and analyzed with FlowJo (Tree Star Inc., Ashland,
OR). CD4 and CD8 T cells were analyzed by first gating on
CD4 + and CD8 + positive lymphocytes, followed by gating
on phenotypes of interest (e.g., IFNc expression, tetramer
binding). The % positive population was then multiplied by

the total BAL cell count to enumerate the cell population
of interest.

High pressure liquid chromatography (HPLC)

HPLC was used to determine IDO activity by measuring
the concentration of Trp and Kyn in clarified lung homog-
enates as previously described (33). Briefly, samples were
suspended in 15 mM acetate buffer (Sigma-Aldrich) and
deproteinated using trichloroacetic acid (Sigma-Aldrich).
Samples were clarified by centrifugation and filtration. Fi-
nally, samples were analyzed on a 4.6 · 50 mm reverse
phase C18 column (Restek, Bellefonte, PA). All reagents
where applicable are HPLC grade. The area under the curve
of Trp and Kyn were integrated and converted to concen-
trations from a standard curve.

Influenza Virus Titer by TCID50

Virus titer was measured by TCID50 (49). Briefly, ex-
tracted lungs were homogenized using a tissue-lyser (Ep-
pendorf, Hamburg, Germany). The supernatant from the
centrifuged lysate was diluted in MEM (HyClone) con-
taining 100 lg/mL of streptomycin, 100 IU/mL of penicillin,
250 ng/mL of amphotericin B (Mediatech), and 1 lg/mL of
TPCK-Trypsin (Worthington, Lakewood, NJ) in 96-well
plate (Corning) over MDCK cells grown in DMEM (Hy-
Clone) with 5% FBS. The plates were incubated for 72 h and
mixed with equal volume of 0.5% chicken erythrocytes in
PBS, incubated for 1 h, and scored for agglutination.

In Vitro CTL restimulation assay

Memory T cells generated following X31 infection were
expanded in vitro (26). Briefly, spleen and MLN-derived
memory T cells were stimulated in vitro with syngeneic
splenocytes infected with 1000 HAU/mL of X31 and mi-
totically inactivation with mitomycin C (Sigma-Aldrich)
(44). Lymphocytes were restimulated for 6 days in RPMI-
1640 with 10% FBS, antibiotics, 50 lM b-mercaptoethanol
(Sigma), and 20 U/mL of mouse IL-2 (BD Biosciences).
Expanded T cells were co-incubated at various effector-to-
target ratios with H-2D/Kb-restricted MC57G target cells
(fibroblasts from C57BL/6 mice) which were infected with
100 HAU PR8 overnight. Target cells were stained with
PKH67 (Sigma-Aldrich). CTL and target cells were co-
incubated 37�C for 4 h in 96-well V-bottom plates (Corning)
and gently centrifuged (200 g for 1 min) to maximize cell
contact. Cell cytotoxicity was analyzed by flow cytometry:
MC57G (PKH67 + ) were gated and assessed for apoptosis
as defined by binding of 7AAD + and/or Annexin V +
(apoptosis) but not 7AAD alone (necrosis) (24).

Histopathology and immunohistochemistry

Lungs were removed, perfused with 10% buffered for-
malin through the heart and trachea, and fixed in 10%
buffered formalin (Fisher Scientific) overnight. The sections
were embedded in paraffin, cut in 5 lm-thick sections and
stained with hematoxylin and eosin (20). IHC was per-
formed on sections that were blocked with 1% bovine serum
albumin in PBS and treated with Proteinase K (Dako, Car-
pentaria, CA) to minimize nonspecific staining and expose
epitopes. Subsequently, sections were incubated with 1 lg/mL
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goat anti-influenza A H1N1 antibody (Meridian Life Science,
Inc., Soca, ME) and then incubated with a biotinylated anti-
goat rabbit antibody (Dako) for 10 min at room temperature.
Finally, strepavidin/horseradish peroxidase (HRP) complex
(Dako) was added according to manufacturer’s instructions
with color development by HRP substrate diaminobenzidine
(DAB) addition. The sections were evaluated by light mi-
croscopy.

A histological score and remarkable inflammatory pa-
rameters for each lung was determined according to the
following criteria: 0 = no lung abnormality; 1 = < 10% of

airways inflamed; 2 = 10%–30% of airways inflamed;
3 = 30%–50% of airways inflamed and 4 = > 50% of air-
ways inflamed (20). The slides were evaluated without
knowledge of the type of mouse or exposure to antigen. The
area covered by an eyepiece grid was judged to be normal or
abnormal.

Regulatory T cell (Treg) stimulation

Treg-mediated suppression of influenza-specific CD8 + T
cell proliferation was evaluated (45). Two days after PR8

FIG. 1. 1-Methyl-tryptophan (1MT) decreases
IDO activity induced by influenza virus infection.
X31-primed mice were treated with 1MT or ve-
hicle control and assessed for IDO activity (A)
and virus (B). (A) [Kyn]/[Trp] ratios – SEM in
lung homogenate was measured by HPLC at the
indicated time points post-X31 primary infection
in mice treated with 1MT (circles) or vehicle
control (squares). Data are representative of two
independent experiments. Asterisk indicates sta-
tistical significance ( p = 0.01). (B) X31 lung virus
titer (log TCID50) during primary infection. Data
are representative of three independent experi-
ments (n = 3 per experimental group).
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challenge, spleens and MLN from 1MT or control mice
were removed and enriched for Tregs using a Treg Isolation
Kit (Miltenyi Biotec, Auburn, CA). Tregs from age-
matched naı̈ve mice were used to address nonspecific sup-
pressive activities. CD8 + T cells were negatively selected
from spleens of X31-immune mice without 1MT treatment.
The purity of enriched CD8 + T cells and Tregs was > 90%
by flow cytometry. Enriched Tregs were co-incubated with
CD8 + T cells at specified ratios in the presence of X31-
infected stimulator cells as described for in vitro restimulation
of CTL assay. As a positive control, 2 lg/mL concanavalin A
(Sigma) was added to a culture of CD8 + T cells only (no
Treg). To evaluate Treg activity, 48 h after co-incubation with
CD8 + T cells, 10 lM of EdU (5-ethynyl-2́-deoxyuridine,
Invitrogen) was added for 2 hours, and the level of prolifer-
ation as determined by EdU incorporation. The Tregs from
the co-culture were immunophenotyped by flow cytometry
for intracellular granzyme B (eBioscience) and surface
CTLA-4 (eBioscience) expression. Differences in the rate of
CD8 + T cell proliferation in co-cultures with Tregs from the
cohorts were used to measure Treg suppression.

Statistics

Statistical significance ( p value < 0.05) was tested be-
tween means of 1MT treated mice and controls using a
Student’s t-test. Exact p-values are listed when significant.
All statistical analyses were performed using GraphPad
Prism (GraphPad Software, San Diego, CA).

Results

1-Methyl-tryptophan (1MT) reduces IDO activity

To determine IDO activity in the lungs following influenza
(X31) infection, the ratio of IDO’s product (kynurenine, Kyn,
to substrate (tryptophan, Trp) was measured in lung homog-
enates of infected mice (Fig. 1A). Where IDO is active, the
product [Kyn] to substrate [Trp] ratio increases (29). X31
infection induced peak IDO activity between days 8 and 12
post-infection (pi), where significant ( p = 0.01) difference
between 1MT-treated and control mice was evident at day 10
pi. This finding suggests that differences in the memory re-
sponse are most likely due to IDO inhibition. Lung virus titers
were not substantially affected by IDO inhibition (Fig. 1B)
and consistent with virus clearance at day 8 pi (Fig. 1B) (36).

Inhibition of IDO activity increases memory
Th1 response

To assess the effect of IDO inhibition on the memory T
cell response to influenza virus, X31-primed mice was
treated with 1MT or control and challenged with PR8 28
days post infection. After challenge with PR8, the total
number of CD4 + and CD8 + effector (CD62Llo CD44hi) T
cells in the BAL and MLN were determined at days 0, 1, 3,
5, 7, and 9 post-challenge (p.c.) (Table 1). The peak effector
CD4 + T cell response in the BAL occurred between day 5
and 7 p.c. in the control and 1MT group, respectively, and at
day 5 p.c. for both groups in the MLN. BAL also had higher
numbers at day 5 p.c. in the 1MT group. There were no
significant differences between the 1MT and control groups
with respect to the number of effector T cells, so both
CD4 + and CD8 + T cells further analyzed at the peak re-

sponse to assess if IDO had an effect on specific antiviral
parameters of the memory T cell response.

IDO inhibition has been associated with a greater Th1-
(IFNc + ) over Th2- (IL-4 + ) type cytokine response (56).
Given the importance of Th1-type cytokines in the response
against influenza (18), memory CD4 + T cells were evalu-
ated at day 5 and 7 p.c. to evaluate the effect of IDO on the
Th1/Th2 axis. At day 5 p.c., the frequency of Th1 was
significantly ( p = 0.04) higher in BAL of 1MT-treated mice
compared to control (Fig. 2A). Th2 response in the BAL
was equivalent between the groups (Fig. 2B), suggesting
that IDO inhibition during priming promotes memory Th1.

IDO inhibition affects CD8 + T cell epitope specificity

The effect of IDO inhibition was examined for CD8 +
cells. 1MT treatment did not result in statistically significant
higher numbers of memory CD8 + IFN7 + T cells in BAL
( p = 0.07, 0.09 at days 5 and 9 p.c., respectively) (Fig. 3).
However, when virus specificity and cytokine expression
were taken into account, significant differences were evident.
First, the immunodominance pattern (NP366–374 > PA224–233 >
PB1703–711) (5) shifted (Fig. 4). The response was equivalent
at day 5, but at day 7, there was a decrease in the fraction of
CD8 + T cells reactive to NP and PA ( p = 0.03), but a two-
fold increase in reactivity against the subdominant epitope
PB1 ( p < 0.01). Although these differences appear minor, it
should be noted that the response toward subdominant
epitopes is typically small to begin with (5), so what may
appear as a minor change compared to dominant epitopes

Table 1. Effector T Cell Response

to Heterologous Influenza Challenge

Effector CD4 + T cell
number – SEM (x1000)

Day post
challenge

1MT
BAL

Control
BAL

1MT
MLN

Control
MLN

0 1 – 0 2 – 0 151 – 4 169 – 17
1 5 – 1 4 – 1 169 – 25 181 – 45
3 11 – 4 9 – 5 263 – 103 208 – 44
5 73 – 12 48 – 20 602 – 166 496 – 0
7 50 – 6 84 – 41 486 – 88 473 – 99
9 32 – 5 33 – 7 354 – 115 287 – 30

Effector CD8 + T cell
number – SEM (x1000)

Day post
challenge

1MT
BAL

Control
BAL

1MT
MLN

Control
MLN

0 3 – 1 8 – 2 23 – 1 21 – 4
1 13 – 3 11 – 3 26 – 3 23 – 1
3 12 – 3 8 – 3 46 – 17 42 – 9
5 289 – 120 177 – 69 411 – 82 370 – 0
7 383 – 72 480 – 223 339 – 85 386 – 81
9 346 – 51 363 – 51 308 – 83 242 – 53

X31 primed mice treated with 1MT or vehicle control were
challenged with PR8 28 days later. Number of effector (CD44hi

CD62Llo) CD4 + /CD8 + T cells presenet in airways (BAL) and
MLN at day 0 (before challenge) through day 9 post challenge.
Numbers are average cell numbers – SEM. Data are representative
of three independent experiments.

IDO IN IMMUNE RESPONSE 115



recognized likely has substantial biological significance,
and importantly, these changes are attributable to changes
in the repertoire which occurred in the primary response
due to IDO inhibition (15).

To determine the relationship between immunodominance
and the kinetics of the response, the number of CD8 +
IFNc + T cells against NP, PA, and PB1 was determined at
day 5 p.c. onwards (Fig. 5). IFNc was measured because
expression by CD8 + T cells supports Th1 function and ef-
fector cell recruitment (33,55), virus clearance, and protection
(7). IFNc + NP-specific cells in the BAL of 1MT-treated
mice were significantly higher at day 5, 7, and 9 p.c. ( p < 0.05
for all days) compared to controls. The late resurgence of NP-
specific cells at day 9 pi in 1MT treated mice may reflect a
second memory T cell population that migrated to the air-
ways, although no substantial differences were detected in the
MLN. PA-specific cells in the MLN at day 5 p.c. ( p = 0.01),
and BAL at day 9 p.c. ( p = 0.06) were higher in 1MT treated
mice compared to controls. PB1-specific cells were also
higher at day 7 p.c. in BAL ( p = 0.02), and remained higher
through day 9 p.c. in 1MT-treated mice. Cells in MLN were
also higher at day 7 p.c. ( p = 0.07), through day 9 ( p = 0.001).
The ratio of NP- to PA-specific CD8 + T cells were lower in
1MT BAL at day 5 and 7 p.c. ( p = 0.09; Fig. 6), as were NP-
to PB1-specific CD8 + T cells in both MLN ( p = 0.07) and
BAL ( p = 0.09) at day 7 p.c.

In vitro CTL assays revealed no difference in the cyto-
toxicity of these cells (data not shown); thus the effector
function as revealed by CTL cytotoxicity of the memory
CD8 + T cells was functionally equivalent.

IDO inhibition decreases CTLA-4 expression
on virus-specific Tregs

IDO may affect Tregs’ suppression of effector T cells by
modifying CTLA-4 mediated contact-dependent suppression as
its expression and activity is affected by IDO (11,42). The

FIG. 3. X31 primed mice were treated with
1MT or vehicle control and rested 28 days prior
to intranasal challenge with PR8 influenza virus.
At 5, 7, and 9 days post challenge, the number of
CD8 + T cells expressing IFNc in the BAL were
determined. Numbers are average cell num-
bers – SEM.

FIG. 2. IDO inhibition during the primary response in-
creases the memory Th1 response to influenza virus chal-
lenge. X31-primed mice were treated with 1MT or vehicle
control and rested 28 days prior to intranasal challenge with
PR8 influenza virus. The numbers of CD4 + T cells ex-
pressing IFNc (A) or IL-4 (B) in BAL following PR8
challenge are indicated. Numbers are averaged – SEM, and
the data are representative of two independent experiments
where n = 3 per experimental group.
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number of CD4 + Foxp3 + (Tregs) responding to PR8 challenge
was not changed by 1MT treatment (data not shown). Therefore,
Tregs were further analyzed for granzyme B and CTLA-4 ex-
pression, effector molecules which mediate contact dependent
IDO-related suppression (40). Fewer Tregs were evident ex-
pressing CTLA-4 following virus stimulation ( p = 0.025) (Fig.
7), and Tregs expressed less CTLA-4 on the cell surface on a
per-cell basis based on median fluorescence intensity (MFI)
( p = 0.05) (data not shown). Therefore, IDO inhibition results in
fewer Tregs expressing CTLA-4. No difference in granzyme B
expression was evident (data not shown).

IDO inhibition accelerates lung tissue repair
in PR8 challenged mice

IDO inhibition increases pulmonary memory T cell infil-
tration and cytokine responses as a consequence of IDO in-
hibition, which can affect lung pathogenesis. Specifically,
heightened IFNc expression by Th1 and virus-specific CD8 +
T cells may mitigate pathology (55). Evaluation of overall
gross pathology at days 5 and 7 p.c. showed no substantial
differences related to IDO inhibition (Fig. 8). At day 5 p.c.,
control lungs had increased fibrin deposition in the alveoli

FIG. 4. IDO activity during the primary CD8 + T cell response to influenza
modifies immunodominance in influenza challenged mice. BAL cells from 1MT
and control treated groups challenged with PR8 were stained for CD8 + ex-
pression and specificity against influenza NP, PA, or PB1 epitopes. Contour plots
indicated populations from cells were initially gated for CD8 + expression (top
histogram). Percentages in the contour plots (middle panel) and bar graphs
(bottom panel) indicate the average frequency (n = 3) of CD8 + T cells that are
specific for the indicated epitopes – SEM at day 5 or 7 post-challenge.
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with neutrophil involvement in the bronchioles which may
delay tissue repair (30) compared to 1MT treated mice’s
lungs. At day 7 p.c., lungs from control mice exhibited in-
creased necrosis, alveolar exudate, and increased neutrophil
recruitment compared to 1MT-treated mice lungs. These ob-

servations are consistent with increased fibrin deposition, as
fibrin from the alveolar capillaries is expressed to control
exudates. Since IFNc regulates fibrinolysis (38), the in-
creased IFNc cytokine environment afforded by IDO inhi-
bition may promote lung repair due to 1MT treatment.

FIG. 6. See Figure 3 for introductory informa-
tion. The average ratio – SEM of NP-specific
CD8 + IFNc+ T cells to PA and PB1 specific
CD8 + IFNc+ T cells at day 5 and 7 p.c. was de-
termined. Data are representative of three indepen-
dent experiments (n = 3 per experimental group).

FIG. 5. See Figure 3 for introductory information. The number of IFNc + CD8 + T cells
in the BAL and MLN specific for NP, PA, and PB1 epitopes – SEM were determined.
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To determine if virus load was also affected by IDO,
levels of infectious virus were determined in the lungs but
no differences in infectious virion (Fig. 9) or antigen (IHC,
data not shown) were evident. These findings indicate that,
although 1MT treatment is associated with an improved
memory T cell response, the outcome does not have a sta-
tistically significant effect on virus clearance, similar to
what was seen in the primary response (15).

Discussion

Inhibition of IDO activity during the primary response
to influenza infection modifies aspects of the memory T cell
response to secondary influenza challenge. These changes
are characterized by higher numbers of memory Th1
(IFNc + ) cells and virus-specific CD8 + IFNc + T cells that

may be linked to an increased memory T cell precursor
frequency and Th1-response in the primary response due to
IDO inhibition (15). It is important to emphasize that no
IDO inhibition was employed prior to or after PR8 chal-
lenges, so the differences observed in the secondary re-
sponse are linked to the effects of IDO treatment in the
primary response.

Specifically, IFNc from increased Th1 and virus-specific
CD8 + T cells in the primary response due to IDO inhibition
(15) may have promoted the development of memory Th1
and virus-specific T cells (31) and increased burst size
which gave rise to increased memory T cell precursor fre-
quency (12,27). These differences should be considered in
the context of repeat seasonal influenza challenge in the
human population, where individuals experience influenza
antigen in the form of vaccination and natural challenges

FIG. 7. IDO-induced Tregs have different expression patterns of suppressive
surface molecules. Mice treated with 1MT or control during infection with
X31 was challenged with PR8 28 days after infection. Two days after chal-
lenge with PR8, Treg cells from the spleen and MLN were examined. Tregs
were co-incubated with X31 infected stimulator cells at a 1:1 ratio. Two days
after co-incubation, the culture was analyzed for % CTLA-4 expression on
Tregs (A) (n = 3) with a representative histogram (B). Age-matched naı̈ve mice
were used as a negative control.
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multiple times through their lifetime to shape the immune
repertoire. Because differences in memory T cells were seen
just from IDO inhibition in the primary response, one might
anticipate that these effects could be sustained or even
amplified if IDO inhibitors were applied. For example, NP-
and PA-specific CD8 + T cells still dominated the response,
but the increase in PB1-specific CD8 + T cells is notable.
These changes are consistent with broadened epitope spec-
ificity and may be a favorable feature to promote immunity
against heterosubtypic influenza challenges and escape
mutants (54).

Although the frequency and epitope specificity of the
BAL-derived T cells were different in 1MT treated mice, the
ability of these T cells to kill their targets was not mea-
surably affected by IDO. It is well known that memory T

cell response in this model is robust, so minor changes in the
immunodominance profile or having higher number of
IFNc + CTLs may not reveal a detectable difference in the
capacity to secondary virus challenges. This is evident by
the fact that PR8 is already cleared by day 5 (Fig. 9), but
differences in CD4 + and CD8 + T cells is seen at day 5 p.c.
and onwards. Challenge with influenza strains that persist
longer may reveal differences in clearance patterns and CTL
cytotoxicity. Although virus clearance was not affected, this
is the first study to report that the memory T cell response
was modified by IDO inhibition during the primary re-
sponse.

In addition to altering the memory T cell response, 1MT-
treated mice had lower pulmonary neutrophil infiltrates which
may exacerbate pathology (41). Higher Th1 and IFNc+

FIG. 8. Inhibition of IDO during the primary im-
mune response to influenza virus infections decreases
histopathology associated with a lethal influenza
challenge independent of virus clearance. X31 primed
mice, which were treated with 1MT or vehicle control
were rested 28 days prior to challenge with PR8.
Representative lung sections following PR8 challenge
are shown for IMT and control mice. Average gross
pathology scores – SEM are shown. A histological
score for each lung was determined according to the
following criteria: 0 = no lung abnormality; 1 = < 10%
of airways inflamed; 2 = 10%–30% of airways in-
flamed; 3 = 30%–50% of airways inflamed, and
4 = > 50% of airways inflamed. Scale bars = 500 lm.
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CD8 + T cell response by IDO inhibition may have contrib-
uted to the accelerated tissue repair, as IFNc antagonizes Th2
development and activity. This is generally favorable in in-
fluenza infections, as Th2 responses promote eosinophilia (34),
and is associated with a pathological response without virus
clearance (18). IFNc also modulates pathology by controlling
inflammation, antagonizes neutrophil-mediated damage (55),
which with increased cytokine expression is largely responsi-
ble for influenza induced immunopathology (38). Finally, IFNc
also mediates fibrinolysis (38,52) to restore normal pulmonary
functions.

These changes are likely attributable to T cell priming
during the early response to influenza virus infection via
resident antigen presenting cells (APCs) in the airways (9) and
stimulation of some TLR pathways that affect IDO activity
(10,37). APCs expressing IDO are involved in the regulation
of T cell activation, differentiation, and expansion (2). Tregs
are also upregulated in response to IDO, and in turn, further
upregulate IDO activity in DC by a positive feedback mech-
anism (2,37,39) by CTLA-4/B7 ligation (8). This is the first
report to show that IDO regulates CTLA-4 expression in vi-
rus-specific Tregs, and this aspect is particularly relevant be-
cause Treg CTLA-4 expression disrupt virus-specific effector
T cell function (28). Specifically, Tregs mediate selective
suppression of specific subpopulations of influenza-specific
CD8 + T cells which could account for the disparity in virus-
specific CD8 + T cell response (22). Although granzyme B
was not apparently affected by IDO, PD-1 (47) and TGF-b
(28) may also reduce antiviral T cell responses and will be
explored in the future as additional possible suppressive me-
diators in response to influenza.

Another consideration is the other arm of the Treg dif-
ferentiation, Th17-type cells. The effect of IDO on the Treg/
Th17 axis has been examined in noninfectious disease

models (2,48), but presently the only report examining this
for influenza virus comes from our laboratory (15) which
addressed how IDO inhibition can affect Th17 cells. Indeed,
it would be important to understand this aspect better for
evaluating how inhibiting IDO activity could contribute to
the design of influenza vaccines.

The cornerstone of developing a good vaccine is the
production of high frequencies of effector memory precur-
sors which is sustained as the vaccinated individuals’ age.
Future work will concentrate on seeing to what extent that the
changes observed due to IDO inhibition in the resting memory
population will be sustained, including the recall of virus-
specific T cells and cytokine expression patterns. It is possible
that IDO modifies one or more of these pathways during in-
fluenza infections and vaccinations; the use of IDO inhibitors
during influenza vaccination offers intriguing prospects.
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