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Antigen-Specific Memory Regulatory CD4"Foxp3™ T Cells
Control Memory Responses to Influenza Virus Infection

Erik L. Brincks,* Alan D. Roberts,* Tres Cookenham,* Stewart Sell,”t
Jacob E. Kohlmeier,§ Marcia A. Blackman,* and David L. Woodland "

Regulatory CD4*Foxp3™* T cells (Tregs) are key regulators of inflammatory responses and control the magnitude of cellular
immune responses to viral infections. However, little is known about how Tregs contribute to immune regulation during memory
responses to previously encountered pathogens. In this study, we used MHC class II tetramers specific for the 311-325 peptide
from influenza nucleoprotein (NP311_325/TA) to track the Ag-specific Treg response to primary and secondary influenza virus
infections. During secondary infections, Ag-specific memory Tregs showed accelerated accumulation in the lung-draining lymph
node and lung parenchyma relative to a primary infection. Memory Tregs effectively controlled the in vitro proliferation of
memory CD8" cells in an Ag-specific fashion that was MHC class II dependent. When memory Tregs were depleted before
secondary infection, the magnitude of the Ag-specific memory CD8* T cell response was increased, as was pulmonary inflamma-
tion and airway cytokine/chemokine expression. Replacement of memory Tregs with naive Tregs failed to restore the regulation of
the memory CD8 T cell response during secondary infection. Together, these data demonstrate the existence of a previously
undescribed population of Ag-specific memory Tregs that shape the cellular immune response to secondary influenza virus

challenges and offer an additional parameter to consider when determining the efficacy of vaccinations. The Journal of Immu-

nology, 2013, 190: 3438-3446.

egulatory CD4*Foxp3™* T cells (Tregs) play important

regulatory roles in the pathogenesis of cancer, autoim-

mune disease, and infectious disease. For example, in
immune responses against tumors, Tregs dampen tumor-specific
immune responses both in the local tumor microenvironment and
in secondary lymphoid organs, resulting in enhanced tumor sur-
vival and metastasis (1, 2). In contrast, aberrant Treg function can
be observed in a number of autoimmune diseases, including sys-
temic lupus erythematosus, multiple sclerosis, rheumatoid arthri-
tis, and type 1 diabetes (3, 4). During the immune response to
infection, Tregs contribute to the resolution of inflammatory re-
sponses by limiting proinflammatory cytokine expression, by re-
ducing inflammation in infected tissues, and by limiting pathogen-
specific T cell responses (5-9). In many infections, Treg function is
beneficial, because it limits immunopathology. However, Treg
activity can also promote persistence of a pathogen, thereby
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turning what could be an acute/cleared infection into a chronic/
persistent infection (5, 10-12). Determining the positive and
negative roles Tregs play in the pathogenesis of infections is crit-
ical for the understanding of disease progression, and will also
provide insights for improving the design of vaccines against
specific pathogens.

A role for T regulatory cells in the control of virus infections has
been implicated for a number of viruses, including respiratory
syncytial virus (6, 13), HSV (9), rotavirus (14), dengue virus (15),
and coronavirus (7, 16). There is increasing evidence that Tregs
can be pathogen specific. For example, Treg Ag specificity has
been implicated in Toxoplasma gondii (17) and Leishmania major
infections (10, 18), where in vitro proliferation assays demon-
strated that Tregs responded to pathogen-specific simulation.
Also, after adoptive transfer of P25 TCR transgenic Tregs specific
for a Mycobacterium tuberculosis Ag, there was Ag-specific pro-
liferation to Mycobacterium tuberculosis Ags and delayed effector
responses at the site of infection (11). Most recently, MHC
class II tetramers specific for two epitopes expressed by the rJ2.2
strain of mouse hepatitis virus were used to identify virus-specific
Tregs that were recruited during infection and contributed to
regulation of effector responses (7). These data support the con-
tribution of Ag-specific Tregs in primary infections. However,
little is known about the contribution of Tregs to memory re-
sponses. Key questions are whether Ag-specific Tregs develop
into a memory population and whether they play a role in regu-
lating recall responses.

In this study, we examined memory responses to influenza virus
using MHC class II tetramers to track Ag-specific CD4 T cell re-
sponses. The data indicate that Ag-specific Tregs were recruited to
the lungs during secondary infection, and that the rate of recruitment
was enhanced compared with a primary response. This memory
Treg response influenced pulmonary inflammation and regulated
Ag-specific CD8 T cell recall responses both in vitro and in vivo.
The in vitro studies showed that regulation of memory CD8 T cell
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proliferation required MHC class II expression on APCs and was
pathogen specific. Further, adoptive transfer of naive Tregs failed
to regulate the recall response of memory CDS8 T cells specific
for influenza virus. Together, these data support the existence of
Ag-specific memory Tregs that play an important role in the
regulation of immune responses to secondary infections.

Materials and Methods
Mice

C57BL/6, B6.SJL-Ptprca Pep3/BoyJ (CD45.1), and B6.PL-Thyla/Cy
(CD90.1%) mice were purchased from the Trudeau Institute. F0Xp3g‘p
mice on a B6 background were provided by A. Rudensky (University of
Washington, Seattle, WA). Foxp3-DTR mice on a B6 background were
previously described (19) and provided by T. Sparwasser (Institute of In-
fection Immunology, TWINCORE, Center for Experimental and Clinical
Infection Research, Hannover, Germany). Vert-X (C57BL/6 IL-10/eGFP
reporter) mice were provided by M. Mohrs (Trudeau Institute). All animal
studies have been reviewed and approved by the Trudeau Institute Animal
Care and Usage Committee.

Viruses and infections

Influenza viruses A/HK-x31 (x31, H3N2) and A/PR8 (PR8, HINI1) were
grown, stored, and titered as previously described (20). For virus infection,
mice were anesthetized with 2,2,2-tribromoethanol (200 mg/kg), and virus was
administered intranasally (500 50% egg infectious doses [EIDs] for primary
PR8 infections, 300 EIDs, for x31 infections, 5 X 10* EIDs, for secondary
PRS infections, 3 X 10° EIDs, for secondary x31 infections, and 250 EIDsq
for Sendai). In vitro infections were completed as described previously (21). In
brief, cells were coincubated with a 10 multiplicity of infection (MOI) dose of
virus for 30 min on ice, followed by 30 min at 37°C. Cells were washed two
times with complete medium and cultured in 96-well plates.

Tissue harvest and flow cytometry

Mice were sacrificed at the indicated times and cells were isolated from the
lung airways by bronchoalveolar lavage (BAL), the lung parenchyma by
digestion in collagenase/DNase for 1 h at 37°C followed by Percoll gradient
centrifugation, and the mediastinal lymph nodes and spleen by mechanical
disruption. After RBC lysis with ammonium-buffered chloride, live cell
numbers were determined by counting and trypan blue exclusion (20).
Single-cell suspensions were incubated with Fc block (anti-CD16/32) for
15 min on ice followed by staining with influenza nuclear protein (NP),
NP3| ],3251Ab, FlUNP3667374Db, Flu acid polymerase (PA), PA224,233Db or
Sendai NP3,4_33,K” tetramers for 1 h at room temperature. Tetramers were
obtained from the National Institutes of Health Tetramer Core Facility
(http://tetramer.yerkes.emory.edu) or from the Trudeau Institute Molecular
Biology Core (http://www.trudeauinstitute.org). Tetramer-labeled cells were
stained with Abs to CD4, CD8, CD25, CD44, CD45.1, CD45.2, CD69,
CD90.1, CTLA4, glucocorticoid-induced TNF receptor (GITR) (BD Bio-
science and eBioscience). For intracellular Foxp3 staining, cells were fixed,
permeabilized, and stained according to Foxp3 Staining Kit protocol
(eBioscience). Samples were acquired on a FACSCanto II flow cytometer
(BD Biosciences), and data were analyzed with FlowJo software (Tree Star).

Assessment of cytokine production by intracellular cytokine
staining

For CD8* T cell cytokine production, single-cell suspensions were incu-
bated with FIuNP346 374 or FluPA;,4 53, peptides as previously described
(22). Cells were stained for surface markers, fixed, and permeabilized
(CytoFix/CytoPerm kit; BD Biosciences), and stained with mAbs to IFN-y.
For CD4" T cell cytokine production, single-cell suspensions were incubated
with FluNP3;,_355 peptide. Cells were stained for surface markers, fixed, and
permeabilized with Foxp3 Staining Kit (eBioscience), and stained with
mAbs for IL-10, TGF-B, CTLA4, IFN-v, and TNF-a (BD Biosciences,
eBioscience, and R&D Systems).

Measurement of proliferation by BrdU incorporation

Measurement of proliferation by BrdU incorporation was done similarly to
previously described (23). In brief, mice were administered BrdU (200 pl
of a 4-mg/ml solution in PBS) i.p. and maintained on drinking water
containing BrdU (0.8 mg/ml) for 24 h before harvest. Single-cell suspen-
sions were stained with tetramers and Abs to surface proteins as described
earlier, and BrdU incorporation was detected using the BrdU Flow Kit (BD
Biosciences).
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In vitro suppression assay

CD4" T cells were enriched by negative magnetic selection from influenza-
primed Foxp3%? mice (pooled from 10 mice at day 35 postinfection) using
a mouse CD4* T cell BD iMag enrichment kit (BD Bioscience). After
enrichment of CD4" T cells, CD4"GFP~ and CD4*GFP" T cells were then
sorted using a BD FACS Vantage cell sorter (BD Bioscience). For the sup-
pression assay, 3-5 X 10* CFSE-labeled (3 wM; Invitrogen) memory CD8*
T cells from influenza-infected CD90.1 mice were cocultured with varying
ratios of Tregs and 10° CD45.1% APCs per well in a 96-well round-bottom
plate. APCs had been infected with 10 MOI of influenza virus 24 h before
cocultures. In some cultures, Tregs sorted from influenza-infected mice
were used in cultures with memory CD8" T cells from Sendai virus—
infected CD90.1 mice and APCs that had been infected in vitro with 10
MOI of Sendai virus. After 90 h, cells were harvested, stained with MHC
class I tetramers, and stained for congenic surface markers and CD8. CD4*
Foxp3 ™ responder cells were analyzed for CFSE dilution by flow cytometry.

Measurement of morbidity and airway resistance

Enhanced pause (Penh) was measured using a whole-body plethysmograph
similar to previously described (24) (Buxco Electronics, Sharon, CT). Penh
values were recorded daily following secondary influenza virus infection.
Breathing patterns were recorded for 10 mi/mouse to obtain an average
Penh value. Mice were weighed daily to determine morbidity.

Measurement of airway cytokine and chemokine expression

BAL fluid was harvested from mice 5 d after secondary influenza virus
challenge. Subsequently, the cytokine and chemokine expression was deter-
mined using a mouse cytokine/chemokine multiplex (Invitrogen, Carlsbad, CA).

Histological analysis

Lungs were inflated with 5 ml neutral-buffered formalin (10% v/v) via the
trachea and fixed for 72 h. Lungs were embedded in paraffin wax, and 4- to
5-pwm sections were mounted onto slides and stained with H&E. The in-
flammatory response and proliferation were assessed and scored according
to scales depicted and described in Supplemental Fig. 3A and 3B by a
pathologist who was blinded to the identity of the samples. All slides were
viewed with an Axioplan 2 microscope, and images were captured on an
Olympus BX 51 microscope equipped with fluorescence detection and
Optronics PictureFrame Version 1.2 software (Center Valley, PA).

Statistical analysis

Statistical analysis was performed using Prism 5 (GraphPad Software).
Significance was determined by an unpaired two-tailed Student ¢ test or
by two-way ANOVA with subsequent Bonferroni post hoc tests. The
p values <0.05 were considered significant.

Results

Primary and secondary influenza virus infections induce the
recruitment of Ag-specific Tregs to the lung and lung-draining
lymph node

To assess the recruitment of Tregs during the primary and recall
responses to influenza virus, we infected mice with HIN1 influenza
virus (A/PRS8, PR8) to analyze the primary infection or infected
them with H3N2 influenza virus (A/HK-x31, X31) and challenged
them with PR8 to analyze the recall response. At various days
postinfection or challenge, the Treg (CD4*Foxp3*) response was
quantified in the lung and lung-draining lymph node (dLN).
Consistent with cellular responses to other virus infections, Tregs
accumulated transiently at the site of infection, as well as in the
tissue-dLN (Fig. 1). Treg recruitment to the lung-dLN was ac-
celerated during the response to secondary challenge, and more
Tregs were recruited to both the lung and the lung-dLN during
responses to secondary challenge (Fig. 1A, 1E). To assess the Ag
specificity of the Treg response, we stained CD4 cells with MHC
class II I-A® tetramer specific for the FIuNP5;;_3,4 epitope (Fig.
1B, 1F). Compared with naive mice, mice previously infected with
influenza virus had an expanded Ag-specific Treg compartment
before infection (Fig. 1B, 1F). As shown in Fig. 1C and 1G, Ag-
specific Tregs accumulated in the lung and lung-dLN during both
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Influenza virus infection induces recruitment of Ag-specific T regulatory cells to the lung and lung-dLN. C57BL/6 mice were sac-

rificed at indicated times after primary (600 EIDs, PR8 influenza virus) or secondary (60,000 EIDs, PR8 influenza virus) infection, and lymphocytes
harvested from the lung (A-D) or the lung-dLN (E-H) were stained for CD4, Foxp3, and NP3, /I-A® tetramer. (A and E) Total Tregs per lung (A) or
dLN (E) at various days after primary (@) or secondary (A) infection. (B and F) Representative plots from the lung (B) and dLN (F) gated on total
CD4* cells in tissue. (C and G) Ag-specific Treg NP311/I-Ab+CD4+F0xp3+ cells per lung (C) or dLN (G) at various days after primary (@) or
secondary (A) infection. (D and H) Ag-specific Treg NP5, 1/1—A""CD4+F0xp3“eg cells per lung (D) or dLN (H) at various days after primary (@) or
secondary (A) infection. Data are from four to five mice per time point in two independent experiments. Error bars indicate mean * SD. (A, C-E, G,
and H) Significance was determined using a two-way ANOVA. Subsequent analysis of individual time-point significance was determined by

Bonferroni post hoc tests. Significance indicated as *p < 0.05.

primary and secondary challenge. These Ag-specific Tregs ex-
pressed molecules consistent with Treg phenotype and function,
including CD25, CTLA4, and GITR (Supplemental Fig. 1). We
were unable to detect IL-10 expression in the Tregs responding to
secondary challenge, although IL-10 transcription was detected in
Tregs during the response to primary infection (Supplemental Fig.
1). Interestingly, Ag-specific Tregs accumulated with accelerated
kinetics during the response to secondary influenza virus infection
relative to the response against primary infection. Also of note,
the kinetics of the Ag-specific Treg response were distinct from
the kinetics of Ag-specific CD4*Foxp3"°® cells; that is, the peak
of the Ag-specific Treg response occurred earlier than the peak of
the Ag-specific CD4 effector response (Fig. 1D, 1H). Consistent
with previous reports of Ag-specific responses correlating with in-
creased proliferation, the majority of Ag-specific Tregs had prolif-
erated in response to infection (Supplemental Fig. 2). Together,
these data suggest that Ag-specific Tregs are involved in the primary
and recall responses to influenza virus infection, and the accelerated
recruitment during recall responses suggests the existence of a
population of Ag-specific memory Tregs that persists in the host.

Memory Tregs regulate in vivo inflammation during the recall
response to influenza virus infection

The pulmonary immune response to secondary influenza infec-
tions involves not only an Ag-specific T cell response, but also an
inflammatory response characterized by chemokine and cytokine
production, as well as alterations to the pulmonary architecture. To
assess the role of memory Tregs in regulating pulmonary in-
flammation, we infected mice with x31 and challenged them with
PRS, with or without anti-CD25 mAb treatment before challenge.
This treatment resulted in a depletion of 70-80% of the existing
Foxp3*CD4" Tregs (data not shown). Scoring of histology sec-
tions revealed increased inflammation and epithelial proliferation
in the mice that had been depleted of Tregs (Fig. 2A, 2B). Grading
of inflammation is based on both the nature of the lesion and the
degree of involvement (Supplemental Fig. 3A). Inflammation
consists of a mixed mononuclear cell infiltrate that varies from
small compact foci through large, dense areas, (Supplemental Fig.
3A). Similar dense areas of lymphoid tissue have been seen in
chronic lung infections in humans and have been identified as
bronchus-associated lymphoid tissue (BALT) (25). BALT is also
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seen in mice with repeated virus infections of the lung (26). The
conversion of areas of the lung next to bronchi into BALT is much
greater in mice depleted of Tregs than in mice with Tregs, which
feature loose collections of large monocytes with retention of
alveolar structure.

Even more impressive are large areas in which the alveolar
spaces were filled with epithelial cells (Supplemental Fig. 3B). As
indicated by the proliferation score, proliferation of type II pneu-
mocytes was much greater in mice depleted of Tregs (Fig. 2A, 2C).
It is well documented that such proliferation is seen in mice
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infected with flu virus beginning with 3—6 d post primary in-
fection (27) and peaking in the alveoli at ~2 wk (27-29). As
stated by Straub in 1937 (30): “A chronic reparative process in
surviving mice has, indeed, been regularly met with. This is
not, as so often in man, fibrous but epithelial in nature. The
epithelium of the terminal bronchioles proliferates and becomes
more or less stratified....The proliferation does not stop here, but
regularly invades the lung tissue. It first enters the respiratory
bronchioles and next the alveoli.” In the absence of Tregs, this
exaggerated repair response expands to occupy >50% of the lung
tissue on histologic slides. Squamous metaplasia was not seen,
most likely because it was only 5 d post secondary infection.

Treg depletion did not alter morbidity (Fig. 2E), mortality, or
virus clearance, but did result in increased Penh compared with
the isotype-treated mice (Fig. 2D), suggesting that the lungs of
depleted mice had increased pathology and decreased lung func-
tion. Consistent with the H&E scoring and the Penh evaluations,
mice depleted of Tregs had increased pulmonary chemokine (IFN-
y—inducible protein 10 and monokine induced by IFN-y) and
cytokine (IL-6 and IFN-vy) expression compared with isotype
control-treated mice (Fig. 2F-I). Together, these data suggest that
memory Tregs contribute to the control of pulmonary inflamma-
tion during the recall response to secondary challenge.

Memory Tregs regulate the in vivo memory CDS8 T cell
response to influenza virus infection

To complement the studies of pulmonary inflammation induced
by influenza virus infection, we investigated the role of memory
Tregs in controlling secondary influenza infection. Mice were
infected with x31 and challenged 35 d later with PRS, with anti-
CD25 mAb (PC61) or isotype control Ab for 2 d before challenge.
Five days post-PRS8 challenge, the influenza-specific CD8 T cell
response was measured using MHC class I tetramers specific
for two immunodominant influenza virus epitopes, nucleoprotein
(NPs¢6_374/D?) and acid polymerase (PAony 233/DY Fig. 3A). Deple-
tion of Tregs increased the magnitude of the pulmonary tetramer-
specific CD8 T cell response (Fig. 3B, 3C), and more of these CD8
T cells produced IFN-vy during the recall response (Fig. 3D, 3E).
These data support a role for memory Tregs in controlling the in vivo
memory CDS8 T cell response to secondary influenza virus infection.

The functional regulation of memory responses suggests that
memory Tregs are maintained after a primary infection. However,
an alternative explanation is that memory CD8 T cells are more
susceptible to regulation by Tregs than naive T cells. That is, mem-
ory CD8 T cell responses to secondary infection could be similarly
regulated by any Treg population responding to infection, be they
Ag-inexperienced Tregs or memory Tregs. To compare the func-
tion of memory Tregs and naive Tregs in regulating a memory CD8
T cell response, we used the Foxp3-DTR mice, in which cells
expressing Foxp3 also express the diphtheria toxin (DT) receptor
on their cell surface. Foxp3-DTR mice previously infected with
influenza virus were treated with DT before secondary infection
to deplete memory Tregs (Fig. 4A). DT treatment depleted both
tetramer” and tetramer~ Foxp3™ cells whereas leaving the Ag-
specific CD4"Foxp3"°® cells intact in both the lung and the lung-
dLN (Fig. 4B, 4C). Similar to the results observed using PC61
mAb treatment to deplete memory Tregs, the depletion of Tregs
by DT resulted in an increased Ag-specific CD8 T cell response at
day 5 postinfection (Fig. 4D, 4E). In contrast, the adoptive transfer
of naive Tregs (to replace the depleted memory Tregs; Fig. 4B,
4C) resulted in CD8 T cell responses similar to those in mice that
had no Tregs (Fig. 4D, 4E). Only in mice in which the memory
Treg population had not been depleted was the Ag-specific CD8
T cell response to secondary infection reduced. This regulatory

function, together with the accelerated recruitment kinetics ob-
served in Fig. 1, suggests that influenza virus infection results in
the formation of a pool of memory Tregs with the capacity to
regulate immune responses to subsequent challenge with virus in
an Ag-specific fashion. Considered together, the Ab depletion and
DT depletion data suggest that Ag-specific memory Tregs, and not
naive Tregs, are important players in the control of pulmonary
inflammation and the regulation of memory CDS8 T cell responses.

Memory Tregs regulate proliferation of memory CDS8 T cells in
an Ag-specific fashion that requires MHC class 11

A defining characteristic of T regulatory cells is their ability to
regulate immune responses, including their ability to inhibit the
proliferation of CD8 T cells that have been stimulated through their
TCR with anti-CD3 or with Ag. To complement in vivo studies of
the influenza-specific memory Treg function, we isolated memory
Tregs from influenza-infected mice and used them to inhibit the
proliferation of memory CD8 T cells stimulated in vitro by co-
culture with infected APCs (see Supplemental Fig. 4 for outline of
experimental design, cell sources, and culture combinations). When
the cultures contained only memory CD8 T cells and APC, sig-
nificant CD8 T cell proliferation was observed. When memory
CD4"Foxp3* Tregs, but not memory CD4*Foxp3"® cells, were
added to the CD8/APC cocultures, proliferation of the memory
CD8 T cells was significantly decreased (Fig. 5A, 5B). In-
creasing the ratio of FluNP;ge-specific CD8 memory cells to
influenza-specific Tregs (culture + Treg in Fig. 5C) resulted in the
decrease and eventual loss of inhibitory effect of the memory
Tregs. In contrast, altering the ratio of NP3¢¢-specific CD8 memory
cells to influenza-specific CD4*Foxp3"°® cells (culture + CD4 in
Fig. 5C) in the cultures did not influence the proliferation of the
CD8 effectors.

To assess the pathogen specificity of the inhibitory function of
the memory Tregs, influenza-specific Tregs were used to inhibit
proliferation of Sendai virus NP3,4-specific memory CDS8 cells
that had been stimulated by Sendai virus-infected APCs. The
populations of influenza-specific memory Tregs and memory CD4
effectors (i.e., those that were used in Fig. 5A-C) were used to
inhibit the proliferation of Sendai virus NP;,4-specific CDS ef-
fectors. Neither the addition of influenza-specific memory Tregs
nor the addition of influenza-specific CD4 effectors influenced the
proliferation by the Sendai virus NP3,4-specific CD8 T cells (Fig.
5D). Furthermore, altering the ratio of CD8 effectors to Tregs did
not influence the proliferation. Together with the data from Fig.
5C, these data support a model in which the inhibitory function by
memory Tregs requires recognition of cognate Ag.

CD8/APC/Treg cultures were set up using APC from MHC
class II-deficient mice to investigate the requirement for MHC
class II in Treg function. In the absence of MHC class II on the
influenza-infected APCs to present Ags to CD4 cells, there was
no inhibition of CDS§ proliferation by the influenza-specific mem-
ory Tregs (Fig. SE). Of note, Tregs harvested from infected lungs,
from the lung-dLN, or from the spleen all had similar capacity to
inhibit memory CDS8 T cell proliferation (Fig. SE). Together, these
data demonstrate that influenza-specific memory Tregs regu-
late the recall response of memory CD8 T cells in a pathogen-
specific, MHC class II-dependent manner.

Discussion

There are two possible models for Treg control of CD8 T cell
function: an indirect two-step model involving APCs or a direct
model. The requirement for MHC class II expression on APCs
supports the possibility that interactions between memory Tregs
and APCs could lead to deactivation of the APC. These interactions
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FIGURE 3. Memory Tregs regulate the magnitude of in vivo influenza-specific CD8 T cell responses to secondary challenge. C57BL/6 mice were
infected with 3000 EIDso x31 influenza virus and allowed to rest for 35 d. Mice were treated with PC61 or isotype control, then challenged with 60,000
EIDso PRS influenza virus and sacrificed at day 5 postinfection. (A) Schematic of experimental design that outlines infections, Ab treatments, and harvests.
(B and C) Lymphocytes were isolated from the lungs and stained with FluNP;4¢/DP tetramer or PA,,4/D tetramer. (B) Representative staining of influenza-
specific CD8 T cell responses in the lung. Plots are gated on CD8" cells. (C) Percentage of tetramer™ cells among total CD8” cells in the lung (fop panel)
and total tetramer” cells per lung (bottom panel). (D and E) Lymphocytes were isolated from the lungs and analyzed for IFN-y production after peptide
stimulation. (D) Representative plots for IFN-y production by CD8" T cells after stimulation with NP3 peptide-pulsed, PA,,4 peptide-pulsed, or unpulsed
APCs. (E) Percentage of IFN-y* cells among total CD8™ cells in the lung (top panel). Total IFN-y* cells per lung (bottom panel). Data points represent
individual mice. Lines represent mean. Error bars represent SD. Data are representative of three independent experiments. Differences between groups were

determined by Student 7 tests.

could take place in the lung-dLN or in the infected lung envi-
ronment, because recall responses include activation of T cells in
both. Such a model would be consistent with reports that Treg—DC
interactions can alter subsequent immune responses (31, 32). Al-
ternatively, memory Tregs might interact directly with memory
CD8 T cells to inhibit their proliferation (33, 34).

In a two-step model of Treg function, memory Tregs would in-
teract with APC-expressing influenza Ags, thereby activating the
Tregs. Subsequently, the activated memory Tregs, or soluble
factors secreted by these Tregs, would interact with the CD8
T cells, thereby blocking their proliferation. During the recall re-
sponse, the Ag-specific Tregs expressed surface markers consis-

tent with regulatory function (35) (e.g., CD25, CTLA4, GITR), but
we were unable to detect the production of IL-10, IFN-vy, TGF-f3,
or TNF-a in these cells after stimulation with Ag. The lack of
cytokine production suggests that their regulatory function is
via a cell-contact—dependent mechanism. Although the specific
mechanisms of regulation have not been explicitly determined,
prior studies of Treg regulatory mechanisms suggest that multiple
mechanisms likely contribute to the regulation (e.g., CTLA4,
TRAIL) (35, 36).

Measuring Treg function commonly involves using Tregs to
block proliferation of CD8 stimulated with anti-CD3/anti-CD28
stimulation or with PMA/ionomycin stimulation of the cells in
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FIGURE 4. Memory Tregs are required to regulate the magnitude of in vivo influenza-specific CD8 T cell responses to secondary challenge. Foxp3-DTR
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infections, DT treatments, adoptive transfer, and harvest. (B) Representative plots from the lung (top row) and dLN (bottom row) gated on total CD4™ cells
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represent SD. Data are representative of two independent experiments of three to four mice per group. Differences between groups were determined by

Student ¢ tests. Significance indicated as *p < 0.05.

culture (7, 9, 10). Contrary to previous investigations of infection,
this study used a more physiological approach in which Tregs
were used to block memory CD8 T cell proliferation that was
stimulated by influenza-infected APCs. Using this pathogen-
specific assay, we found that memory Tregs from an influenza-
primed host effectively suppressed the proliferation of influenza-
specific memory CD8 T cells stimulated with influenza-infected
APCs. However, when those same influenza-specific Tregs were
placed into cultures with Sendai virus—infected APCs presenting
to Sendai-specific CD8 memory cells, the Tregs failed to block
proliferation, suggesting that the regulatory functions of Tregs are
pathogen specific. Further, Treg function also appears to require
TCR stimulation, because the absence of MHC class II expression
on the influenza-infected APCs resulted in minimal regulation of
CDS8 proliferation by the memory Tregs. These data suggest that
Tregs require TCR stimulation for optimal activity, and that the
regulatory functions of Tregs might be more restricted than pre-
viously suggested by data from cultures using anti-CD3/anti-CD28
stimulation of CD8 T cells. In those experiments, the Abs used
to trigger CD8 effector proliferation would also stimulate Treg
activation in a nonspecific fashion. Future studies should take
this potential complicating factor into consideration and more
specifically examine the requirement for Ag-specific Treg acti-
vation when assessing Treg function in vitro.

Our findings have substantial implications for vaccination
strategies, as we were also able to find Ag-specific memory Treg
populations after whole-protein vaccination with FluNP (data
not shown). Eliciting an Ag-specific Treg response could be
beneficial during influenza virus infections, as well as other in-
fections where immunopathology is a concern, including coro-
navirus (7, 16), dengue virus (15), and respiratory syncytial virus
(6, 13). Vaccination attempts to limit pathology in autoimmune
disease could aim to elicit Ag-specific Treg responses, although
identifying target Ags would be an obvious obstacle in the context
of autoimmunity (3, 4). In the context of tumor immunology, the
activation of Tregs during protein vaccinations against tumor
Ags would be a serious concern, because multiple tumor models
have demonstrated that Tregs limit the efficacy of immunother-
apy efforts (1, 2). Clearly, future studies of vaccination strate-
gies need to consider potential vaccine-specific Treg responses
and how such responses might influence the desired effect of the
vaccine.

Taken together, our findings suggest a previously unappreciated
population of Ag-specific memory Tregs that regulate immune
responses during secondary encounters with pathogens. Although
Tregs have been recognized as cells that are constitutively activated
and can rapidly respond to inflammation, we propose that the re-
quirement of Ag recognition provides a critical checkpoint to
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FIGURE 5. Tregs responding to influenza virus challenge inhibit memory T cell proliferation in an Ag-specific fashion. Foxp3-GFP mice were infected
with 3000 EIDsq x31 influenza virus and allowed to rest for 35 d. Mice were then challenged with 60,000 EIDs, PR8 influenza virus and sacrificed at day 4
postinfection. Lymphocytes were isolated from the lungs, dLN, and spleen, enriched for CD4* cells, and sorted into GFP* (Treg) and GFP~ (CD4 effector)
populations, and used to inhibit the proliferation of influenza-specific CD8 T cells stimulated with influenza-infected APCs. (A) Representative histograms
demonstrating the inhibition of CD8 T cell proliferation when Tregs are added to wells. Histogram plots are gated on congenic marker*CD8" cells. (B) The
frequency of total CD8" effector cells that had proliferated after coculture with influenza-infected APCs. Data points represent individual wells; bar
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experiment. (C and D) To assess proliferation of Ag-specific CD8 T cells, we used influenza-specific Tregs to suppress proliferation of either influenza-
specific CD8 T cells (C) or Sendai virus—specific CD8 T cells (D). To identify Ag-specific effector T cells, we stained cells from proliferation assays with
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Treg activation and subsequent regulatory function. During sec-
ondary infection, Treg suppression of immune responses is not
global; rather, Treg activation is specific to the pathogen and results
in regulation of pathogen-specific responses. Thus, secondary in-
fection with a pathogen stimulates a memory T cell response that
rapidly and vigorously controls the pathogen whereas concomitantly

stimulating a memory Treg response that rapidly and vigorously
controls the immune response and limits immunopathology.
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