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Tissue Distribution of Memory T and B Cells in Rhesus
Monkeys following Influenza A Infection
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Studies of influenza-specific immune responses in humans have largely assessed systemic responses involving serum Ab and pe-
ripheral blood T cell responses. However, recent evidence indicates that tissue-resident memory T (Tgyy) cells play an important
role in local murine intrapulmonary immunity. Rhesus monkeys were pulmonary exposed to 2009 pandemic HIN1 virus at days
0 and 28 and immune responses in different tissue compartments were measured. All animals were asymptomatic postinfection.
Although only minimal memory immune responses were detected in peripheral blood, a high frequency of influenza nucleoprotein—
specific memory T cells was detected in the lung at the “contraction phase,” 49-58 d after second virus inoculation. A substantial
proportion of lung nucleoprotein-specific memory CD8* T cells expressed CD103 and CD69, phenotypic markers of Tgy, cells. Lung
CD103" and CD103" memory CD8* T cells expressed similar levels of IFN-y and IL-2. Unlike memory T cells, spontaneous Ab
secreting cells and memory B cells specific to influenza hemagglutinin were primarily observed in the mediastinal lymph nodes. Little
difference in systemic and local immune responses against influenza was observed between young adult (6-8 y) and old animals
(18-28 y). Using a nonhuman primate model, we revealed substantial induction of local T and B cell responses following 2009
pandemic HIN1 infection. Our study identified a subset of influenza-specific lung memory T cells characterized as Try; cells in
rhesus monkeys. The rhesus monkey model may be useful to explore the role of Tgy cells in local tissue protective immunity

after rechallenge and vaccination.

nfluenza remains a global health problem with high degree
of morbidity and mortality in young children and the elderly.
Seasonal influenza vaccines, either trivalent inactivated or live
attenuated influenza vaccines provide only moderate protection
in adults and children with efficacy ranging from 59 to 83% (1).
New improved influenza vaccines are needed to further reduce
influenza-related morbidity and mortality. Serum hemagglutination-
inhibition (HAI) titers against influenza viruses have been com-
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monly used as correlates for protection (2) and serve as markers for
designing influenza vaccines to induce strain-matched HAI Ab re-
sponses. These Abs are specific to the immunodominant globular
domain of hemagglutinin (HA), thereby inhibiting binding of the
virus to receptor on host target cells. It is well recognized that
seasonal influenza vaccines do not confer protection on all vacci-
nated individuals. Some individuals with high HAI titers can be
infected with influenza virus, whereas in others, clinical protection
can be detected in the absence of HAI titers (3, 4) therefore suggest
a role of cell-mediated immunity in protection.

Both natural infection and immunization with influenza A
vaccines provide complete protection against reinfection with ho-
mologous virus. This is termed homotypic immunity. In contrast,
heterosubtypic immunity is defined as immunity to an influenza
subtype (i.e., heterologous influenza A virus that has a major
change in the surface proteins [antigenic shift]). There is strong
evidence in animal models that influenza-specific cross-reactive
memory T cells are responsible for inducing heterosubtypic
immunity (5-7). However, in humans, the role of cross-reactive
memory T cells in protecting against influenza is not well eluci-
dated. A recent human influenza challenge study demonstrated
that the preexisting CD4* T cell responses to conserved nucleo-
protein (NP) and matrix protein could reduce severe illness in the
absence of specific Abs (8). In another study, a higher frequency
of preexisting CD8*IFN-y*IL-2" cross-reactive memory T cells
against conserved core proteins (NP, M1, and PB1) in peripheral
blood was associated with reduced severity of disease in humans
infected with 2009 pHIN1 influenza (9), although this could re-
flect spillover of the responses initially generated in respiratory
tract-draining lymph nodes.
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Viral infection and replication take place in the respiratory
epithelial cells, yet most studies on influenza-specific memory T
and B cells in humans have been conducted on immune cells
isolated from peripheral blood, which may not reflect local lung
immune responses. The role of local immunity has received more
attention lately primarily because of the discovery of a new sub-
set of memory T cells termed Try; cells. These long-lived non-
recirculating Try cells permanently reside in nonlymphoid tissues
including skin, brain, vagina, and lung and provide rapid, effective
local protection against reinfection relative to circulating coun-
terpart memory T cells (10, 11). Local immune protection by Trym
cells has been consistently documented in murine models of virus
and bacterial infections including vaccinia virus, lymphocytic
choriomeningitis virus, HSV, influenza, and tuberculosis (12-16).
Recent studies have revealed delivery of vaccinia virus in mice
via skin scarification generates long-lived skin Try CD8" T
cells associated with improved long-term immunity (12, 17). In
humans, protection against smallpox was first shown in 1796 by
Edward Jenner using skin scarification with cowpox, ultimately
leading to the eradication of the disease. Intravaginal heterologous
prime/boost vaccination with human papillomavirus vectors (hu-
man papillomavirus pseudoviruses) expressing HSV Ags in mice
preferentially induces cervicovaginal Tgy CD8* T cells and con-
trols genital disease and virus shedding, whereas i.m. injection
preferentially induces serum Ab response but fails to control either
one (18). Targeting lung dendritic cells (DCs) via intranasal vac-
cination with Ag coupled to mAbs against endocytic receptors on
DCs induces lung Tgy CD8* T cells that protect against lethal
influenza challenge (19). Collectively, these data suggest that site
of vaccine Ag priming could influence the localization of Trym
cells which are crucial for local host defense.

Most information about tissue distribution of memory T and
B cells has been generated from a mouse model of microbial in-
fection or vaccination (20-23). Rhesus monkeys are phylogentically
close to humans and similarities of T and B cell immune responses
in both species have been reported (24-27). Furthermore, TLR
expression on Ag presenting DCs is similar in primates and humans
(28). Rhesus monkeys have helped predict subsequent human im-
munogenicity of various formulations of malaria vaccines and such
preclinical studies have contributed to development of the soon-to-
be licensed RTS,S malaria vaccine (29, 30).The confirmation of
comparable distribution pattern of memory T and B cells, resident
memory cells in particular, subsets in rhesus monkeys and humans
will greatly aid in designing vaccination strategies capable of in-
ducing tissue-specific immunity. Rhesus monkeys have been pre-
viously employed to study immune response and immunopathology
to 2009 pHIN1 (31-33). In this paper, we report the tissue dis-
tribution of memory T, B, and spontaneous Ab-secreting cells
(ASCs) following infection with 2009 pH1Nlinfluenza virus in
rhesus monkeys as well as correlations between age and immune
responses.

Materials and Methods

Animals and virus inoculations

All animal procedures were approved by the institution animal care and use
committee in a facility accredited by the American Association of Labo-
ratory Animal Care, incompliance with the Animal Welfare Act and Guide
for the Care and Use of Laboratory Animals and in accordance with all
applicable U.S. Department of Agriculture, Office of Laboratory Animal
Welfare and Department of Defense guidelines. A stock of A/California/04/
2009 (HIN1) virus was produced on Madin—Darby canine kidney (MDCK)
cells and titrated using 50% tissue culture infective dose (TCIDs) assay.
A total of 20 healthy Indian rhesus monkeys (Macaca mulatta) with no
preexisting immunity to 2009 pHIN1 were selected and divided into two
groups: control (n = 4) and infected group (n = 16). In the infected group,
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animals were subdivided into young adult (6-8 y of age; n = 8) and old
monkeys (18-28 y of age; n = 8). Animals were inoculated twice with
A/California/04/2009 (HIN1) virus at days O and 28, each inoculation con-
sisted of 2 X 10° TCIDs, in 2 ml Leibovitz L-15 medium (L-15) with 1 ml
administered intranasally (0.5 ml/nostril) and 1 ml intratracheal (Fig. 1).
Nasal swabs were collected on days 2, 4, and 7 after each virus inoculation
using Copan Flocked swabs and Copan universal transport medium (Copan
Diagnostic, Brescia, Italy). Animals in control group were inoculated with
L-15 medium. Virus replication in nasal secretions was assessed using a
standard plaque assay. Briefly, confluent monolayers of MDCK were inoc-
ulated with 10-fold dilutions of samples at 37°C for 1 h. The inoculums were
removed, and cells were washed and overlaid with MEM containing 0.6%
agarose and 0.2% serum albumin. After 2 d at 37°C, cells were fixed in 37%
formaldehyde solution for 1 h before stained with 1.25% crystal violet and
plaque numbers (PFU/ml) were evaluated.

Tissue collection and cell separation

To evaluate memory T and B cell response, half of animals in each group
were euthanized between days 14 and 23 and the other half between days
49 and 58 after second virus inoculation. Blood was collected before eu-
thanasia and processed for PBMC by centrifugation using Histopaque-1077
(Sigma-Aldrich, St. Louis, MO). The lung, mediastinal lymph nodes,
spleen, and bone marrow were also harvested immediately after euthana-
sia. Mediastinal lymph nodes, spleen, and bone marrow were homogenized
between the frosted ends of two slides, whereas lung tissues were cut into
small pieces and homogenized in the presence of 1 wg/ml collagenase type
1 (Life Technologies, Grand Island, NY) using automated tissue dissoci-
ation (Miltenyi Biotec, Auburn, CA) and further incubated at 37°C for
another 1 h. Digested lung cells and cells derived from mediastinal lymph
nodes, spleen, and bone marrow were then passed through 70-pm cell
strainer (BD Falcon, Durham, NC). Then, single-cell suspensions were
centrifuged using Histopaque-1077 to obtain mononuclear immune cells.
They were treated with ammonium chloride—based lysing solution (BD
Biosciences, San Jose, CA) if a large amount of RBCs were found to be
contaminated in cell preparations. PBMC and mononuclear immune cells
derived from different tissues were frozen in liquid nitrogen until use.

ELISA

IgG and IgA specific to influenza HA in nasal secretions were measured by
ELISA. Briefly, 96-well ELISA plates (Dynex, Chantilly, VA) were coated
with recombinant HA derived from A/California/04/2009 (HIN1) (0.5 pg/
well) at 4°C overnight and then washed with PBS containing 0.1% Tween
20 (Sigma-Aldrich). After blocking with 1% BSA in PBS with 0.1%
Tween 20, nasal swab fluids (1:4 dilution) were added into coated, blocked
plates and incubated for 2 h. Abs specific to HA were detected by anti-
monkey IgG (Sigma-Aldrich) or IgA (KPL, Gaithersburg, MD) conju-
gated with peroxidase and developed with substrate using equal parts of
solution A (2,2'-azino-di-(3-ethylbenzthiazoline-6-sulfonate)) and B (H,0,)
(KPL). The reaction was stopped with 5% NaDodSO, stop solution, and the
plates were read at 405 nm on a SPECTRAmax plate reader (Molecular
Devices).

HAI assay

Monkey serum samples were treated with receptor-destroying enzyme and
subsequently heat-inactivated (30 min at 56°C). The HAI assay was per-
formed by World Health Organization standard methods using 8 HA units
of influenza virus. Samples were tested in serial 2-fold dilutions by starting
at 1:10 dilution. They were mixed with virus and incubated for 15 min at
room temperature and then 50 pl of a 0.5% suspension of goose RBCs was
added. The Ab titers were defined as the reciprocal of the highest dilution
of sera samples that completely inhibited hemagglutination. Titers that
were lower than the detection limit were assigned a value of 5 for analysis
of geometric mean titer (GMT).

Neutralization assay (NT) for 2009 pHIN1

To detect Abs that could inhibit infection of cells with influenza virus,
microneutralization assays were performed using MDCK cells. Samples
were heat-inactivated and serial dilutions preincubated with 2009 HIN1
(A/California/04/2009; 100 TCIDs() in 96 well plates. After 1- to 2-h in-
cubation at 37°C in a 5% CO,, the mixtures were added to a preformed
monolayer of MDCK cells, and the plates were incubated for another 18 h.
MDCK monolayers were then washed with PBS and fixed in cold 80%
acetone for 1 h. The presence of viral protein was detected by ELISA using
a mAb to the influenza A NP. The second Ab conjugated with peroxidase
was added and incubated for another 1 h. Plates were washed and specific
enzyme substrate added. The reactions were stopped with 1 N sulfuric
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acid. The absorbance (A) was measured at 450 and 620 nm. The average
of difference A450 and A620 was determined for duplicate wells of
virus-infected (VC) and -uninfected (CC) control wells, and a neutralizing
endpoint was determined by using a 50% specific signal calculation. The
endpoint titer was expressed as the reciprocal of the highest dilution of
serum with A450 value less than X, where X = [(average [A450-A620] of
VC wells) — (average [A450-A620] of CC wells)]/2 + (average [A450-
A629] of CC wells). Sera, which tested negative at a dilution of 1:20, were
assigned a titer of 10 for analysis of GMT.

ELISPOT assay for spontaneous ASCs

Spontaneous Ab=secreting cells specific to influenza HA were assessed by
ELISPOT assay. Briefly, ELISPOT plates (Millipore, Billerica, MA) were
coated overnight at 4°C with recombinant influenza HA (0.5 p.g/well) and
then blocked by incubation with 2% boiled casein in PBS for 1-2 h at
37°C. Plates were washed (three times) and mononuclear immune cells
from different tissue compartments (150,000-300,000 cells/200 wl com-
plete medium/well) were added into Ag=coated wells in triplicate. After
overnight culture at 37°C, plates were washed (six times), followed by
incubation with anti-monkey IgG conjugated with biotin (Alpha Diag-
nostic International, San Antonio, TX) and incubated for 2 h at 37°C. Plate
were washed (six times) and incubated with streptavidin—alkaline phos-
phatase (Sigma-Aldrich) for 1 h and developed by 5-bromo-4-chloro-3-
indolyl phosphate-NBT-blue system (Sigma-Aldrich). The reaction was
stopped by washing with tap water and air-dried. Spot-forming cells (SFC)
were quantified by automated plate reader (Cellular Technology Ltd.).
Keyhole limpet hemocyanin (KLH; Sigma-Aldrich) was used as a negative
control Ag. The frequency of HA-specific spontaneous ASCs was defined
as the numbers of SFC in HA-coated well subtracted from SFC in KLH-
coated well and data are presented as SFC per million input cells.

ELISPOT assay for memory B cells

Mononuclear immune cells from different tissue compartments (1 X 10°
cells/1 ml/well) were cultured in 48-well plates for 6 d in the presence of
R848 (2.5 pg/ml) (InvivoGen, San Diego, CA) and IL-2 (1000 U/ml)
(R&D Systems, Minneapolis, MN). Half of culture medium was re-
placed with fresh medium containing R848 and IL-2 at day 3. This stim-
ulation method has been found to be optimal for assessment memory
B cell response in rhesus monkeys. To enumerate HA-specific ASCs,
stimulated cells (150,000-300,000 cells/200 wl complete medium/well)
were added into ELISPOT plates and then processed as described for
spontaneous Ab secreting cells above. The frequency of HA-specific
memory B cells was defined as the numbers of spots in HA-coated well
subtracted from spots in KLH-coated well and data are presented as SFC
per million input cells. The samples were scored positive for HA-specific
memory B cells if the ASCs were greater than the mean of pre-existing
ASCs in nonstimulated cells plus 2 SDs.

Intracellular cytokine staining

T cell responses were assessed by intracellular cytokine staining.
Cryopreserved PBMC and mononuclear immune cells (1 X 10° cells in
200 pl complete medium) from different tissue compartments were
stimulated with NP peptide derived from A/California/04/2009 (HIN1)
(122 15-mer peptide overlapping by 11 aa) at a final concentration of
each peptide of 1pg/ml. All stimulated cell cultures contained 1 pg/ml
anti-CD28 (clone L293; BD Biosciences) and 1 pg/ml of anti-CD49
(clone L25; BD Biosciences). Staphylococcal enterotoxin (4 wg/ml) and
medium were used as positive and negative controls, respectively. After 2 h
of stimulation, GolgiPlug was added to inhibit cytokine secretion, and the
cell cultures were further incubated overnight. Then cells were washed and
stained with a panel of Abs specific for surface markers, including anti-
CD4 (clone L200; BD Biosciences), anti-CD8 (clone SK1; BD Biosci-
ences), anti-CD95 (clone DX2; BioLegend, San Diego CA), anti-CCR7
(clone 150503; R&D Systems), anti-CD103 (clone B-Ly7; eBioscience, San
Diego CA), anti—programmed death-1 (PD-1) (clone EH12.2H7; Bio-
Legend), anti-CXCR3 (clone 1C6/CXCR3; BioLegend), and anti-CCR5
(clone 3A9; BioLegend). The stained cells were fixed/permeabilized and
intracellular cytokines were stained with mAbs against IFN-vy (clone B 27;
BioLegend) and IL-2 (clone MQ1-17H12; BioLegend). Finally, stained cells
were analyzed by six-color flow cytometry (BDFACSCanto; BD Biosci-
ences). The samples considered positive were those in which the percent-
age of cytokine-staining cells was at least twice that for the background or
in which there was a distinct population of bright cytokine-positive cells.

To evaluate the role of CD69-positive memory T cells in cytokine re-
sponses, lung mononuclear immune cells were stained with anti-CD69
(clone FN50; BD Biosciences) and CD69-positive cells were depleted
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by fluorescence-activated cell sorter (FACSAria III; BD Biosciences).
CD69-depleted lung mononuclear immune cells were stimulated with NP
peptide pool and assessed for IFN-y and IL-2 production compared with
the nondepleted population.

Statistical analysis

The data were analyzed using SPSS 12.0 for Windows (SPSS, Chicago,
IL). Ab titers were log transformed before testing of differences. Differ-
ences in T cell, memory B cell, and plasma cell responses were analyzed by
using the Wilcoxon signed rank test and the Mann—Whitney rank sum test.
p < 0.05 was considered statistically significant.

Results
2009 pHINI infection in rhesus monkeys

Of 20 monkeys seronegative for serum HAI against 2009 pHINI,
16 received pulmonary inoculation of 2009 pHINT1 virus (2 X 10°
TCIDsg) at days O and 28, whereas 4 monkeys were inoculated
with control L-15 medium (Fig. 1). Infection with 2009 pHIN1 in
rhesus monkeys induced no clinical signs of disease with no
difference in animal activity, body weight loss, or respiratory
parameters compared with control animals (data not shown). Viral
replication was detected in nasal secretions from 12 of the 16
monkeys (Fig. 2A). Although peak of virus titer was found on day
2, this could be left over inoculum. However, virus titer on days 4
and 7 in nasal wash demonstrated the virus can replicate effi-
ciently in upper respiratory tract of rhesus monkeys. Viral repli-
cation in nasal secretions was absent after the second inoculation,
wheras concomitant increases in nasal HA-specific IgG and IgA
was detected (Fig. 2B), suggesting that these Ab responses may
suppress local viral replication. One animal died during the course
of the study at 23 d after the second virus inoculation. A diag-
nostic necropsy was conducted, and the cause of death was de-
termined to be because of tuberculosis.

Serum Ab and peripheral blood T cell responses after 2009
PpHINI infection

We measured serum Ab and peripheral blood T cell responses
specific to 2009 pHIN1 virus before and after virus inoculation.
Using HAI and NT assays, we showed that all 16 test animals
developed serum Ab responses following infection. HAI titers
(GMT = 87; 95% confidence interval [CI] = 54-142) and NT titers
(GMT =50; 95% CI = 31-80) were detected at day 14 after the 1st
inoculation, continued to increase and peaked at 13 d after the 2nd
inoculation with GMT HAI titers of 1,522; 95% CI = 1052-2202
and GMT NT titers of 1733; 95% CI = 1132-2653 (Fig. 3A, 3B).
By day 74, the HAI and NT titers declined ~50%. Kinetics and
magnitude of peripheral blood CD4" and CD8" T cell response
to NP are shown in Fig. 3C and 3D. The magnitude of the
NP-specific CD4" or CD8* T cells response was defined as the
combined frequency of IFN-vy-, IL-2-, and double-cytokine pro-
ducing IFN-y-plus-IL-2 cells within the CD4" or CD8* T cell

Arg)f(l:ulegtlzoa 'mﬂu?nfza Control group (n=4)
I ulation Inoculation YOUHQ adult (n:g)
l l Infected group— o (=)
0 28 4251 77-86
Days F—+—+— t —t—t— + + t d
247 14 30 32 35
) ' | |
Nasopharyngeal Nasopharyngeal
swa?; 3 gwarg ? Euthanization Euthanization
FIGURE 1. Study design for influenza inoculation and tissue collec-

tion. Rhesus monkeys were exposed via intranasal and intratracheal in-
oculation to 2009 pHINI virus at days O and 28. Peripheral blood,
mediastinal lymph nodes, lung, spleen, and bone marrow were collected
at days 14-23 and 49-58 after second virus inoculation and assessed for
immune responses.
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FIGURE 2. Replication of 2009 pHINI in rhesus
monkeys and the presence of HA-specific IgG and
IgA in nasal secretions. (A) Virus replication in nasal
secretions of 16 infected animals was measured by
plaque assay. Each data point represents the value for
an individual monkey and horizontal lines are means.
(B) ELISA was used to measure HA-specific IgG and
IgA in nasal secretions (1:4 dilution) and expressed as
OD at 405 nm. Data shown are mean * SE.

population. Baseline responses were very low; NP-specific cyto-
kine production by CD4"* and CD8" T cells was observed 14 d
after the first virus inoculation and peaked after the second in-
oculation (mean frequency of cytokine-producing CD4* T cells +
SE = 0.28 * 0.04% and CD8" T cells = 0.46 = 0.09%). Negli-
gible influenza-specific Ab and T cell responses were detected in
the control animal group.

Tissue distribution of influenza-specific memory T cells in
rhesus monkeys

We next measured and compared the magnitude of memory T cell
responses in different tissue compartments. The frequency of NP-
specific memory T cells in peripheral blood, lung-draining medias-
tinal lymph nodes, lung, spleen, and bone marrow were evaluated at
two time points. Half of the animals (n = 8) were euthanized between
days 14 and 23 after the second virus inoculation when peak im-
mune response was expected (34). This time period was termed
“expansion phase.” The other half were euthanized between days 49
and 58 after the second virus inoculation, when a stable distribution
of memory immune cells was expected (34), termed the “contraction
phase.” Fig. 4A shows that during the expansion phase (days 14-23),
a significantly higher frequency of NP-specific memory T cells were
observed in the mediastinal lymph nodes (total frequency of 1.9%;
CD4" T cells = 0.8%, CD8* T cells = 1.1%) compared with other
tissues (p < 0.05): lung (total frequency of 0.7%; CD4* T cells =
0.4%, CD8" T cells = 0.3%), blood (total frequency of 0.7%; CD4*
T cells = 0.3%, CD8* T cells = 0.4%), spleen (total frequency of
0.6%; CD4* T cells = 0.4%, CD8* T cells = 0.2%), and bone

—END—ENO—EW0—
day 2 day4 day7 day2 day4 day7
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marrow (total frequency of 0.29%; CD4* T cells = 0.25%, CD8"
T cells = 0.04%).

Although the T cell response during the contraction phase was
still evident, a 0.4- to 2-fold decline in NP-specific memory T cell
frequency was observed in the mediastinal lymph nodes, blood,
and spleen compared with the expansion phase. In contrast, a 3.3-
fold increase in memory T cell frequency was detected in the
lung (Fig. 4B). During the contraction phase, the frequency of NP-
specific memory T cells in the lung was significantly higher than
that in the mediastinal lymph nodes (p < 0.01, total frequency of
2.4 versus 1.2%). Only a minimal number of NP-specific memory
T cells (range 0.2-0.4%) were detected in blood, spleen, and bone
marrow. There were not significant differences in the ratio of NP-
specific memory CD4* to CD8" T cells in each tissue sample at the
time points studied.

‘We then next evaluated the cytokine profiles of influenza-specific
memory T cell responses in the lung, mediastinal lymph nodes, and
peripheral blood at both time points; the expansion phase (Fig. 4C)
and contraction phase (Fig. 4D). In the lung, a large proportion of
NP-specific memory CD4" and CD8" T cells produced IFN-vy
alone (70-77%) during the expansion phase, whereas at the
contraction phase, NP-specific memory CD4* and CD8* T cells
produced either IFN-vy alone (51-65%) or IFN-vy plus IL-2 (25—
45%). In the mediastinal lymph nodes, we detected, at both time
points, NP-specific memory CD4* T cells producing either IL-2
alone (37-50%) or IFN-vy alone (34-38%), whereas most NP-
specific memory CD8" T cells produced IFN-vy alone (71-78%).
In peripheral blood, about equal proportions of NP-specific
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memory CD4* T cells producing either IFN-y alone (28-28%),
IL-2 alone (35-42%), or IFN-y plus IL-2 (33-35%) were observed
at both time points, whereas most NP-specific memory CD8"
T cells produced IFN-y alone (63-71%).

Rhesus lung NP-specific memory T cells expressed phenotypic
markers of Try cells

To investigate NP-specific memory T cells found in the lung at the
contraction phase characterized as Try; cells, we measured the
expression of CD103 (agf37 integrin) and CD69 (C-type lectin),
both of which are cell surface signature markers of Tgry cells
involved in cell adhesion and tissue retention (10). Flow cytom-
etry analysis (Fig. 5A) showed that ~40% of lung NP-specific
memory CD8* T cells that produced cytokines (IFN-y and IL-2)
expressed CD103. Negligible numbers of CD103 positive NP-
specific memory CD8" T cells were observed in the mediastinal
lymph nodes and peripheral blood, suggesting that NP-specific
memory CD8* T cells established residency only in the lung. In
contrast, only a minimal proportion of lung NP-specific memory
CD4* T cells (<10%) expressed CD103 (Fig. 5B).

Unlike CD103 expression, direct assessment of CD69 on NP-
specific memory T cells from lung tissue was not feasible since
in vitro stimulation with NP peptide pools led to CD69 expression
on all NP-specific memory T cells (data not shown). We therefore
first depleted CD69-positive T cells and then CD69-depleted lung
mononuclear immune cells were stimulated with the NP peptide
pool. In this case, the percent reduction of cytokine producing cells
in a recall T cell assay of a depleted population compared with
a nondepleted population would correspond to the proportion of
lung NP-specific memory T cells expressing CD69. As depicted in
Fig. 5C and 5D, depletion of CD69 cells resulted in a reduction of
cytokine-producing cells to 37% for CD8" T cells and 43%
for CD4* T cells. These data imply that 63 and 57% of lung NP-
specific memory CD8" and CD4™ T cells, respectively, expressed
CD69. Taken together, these data suggest that following influenza
infection, a substantial proportion of NP-specific memory T cells
in the lung of rhesus monkeys expressed phenotypic markers of
Tgru cells, CD103 and CD69.

Because CD103 was mainly expressed on lung memory CD8*
T cells, we then compared cytokine response between lung

lymph nodes

NP-specific CD103"CD8* and CD103 CD8" T cells. After
in vitro stimulation with the NP peptide pool, we observed no
significant difference in the frequency of IFN-y or IL-2 produced
by CD103*CD8* T cells versus CD103 CD8" T cells (p range
0.46 — 0.74) (Fig. SE). As PD-1, a cell surface marker of activated
T cells is known to express on Try cells (16, 35), we showed that
high expression of PD-1 was consistently detected on lung
CD103" compared with CD103  IFN-y*CD8™ T cells. In addition,
the expression levels of chemokine receptors involved in T cell
migration into the lung (36, 37), CXCR3 and CCRS, were mini-
mal with no significant difference between either subset (Fig. 5F).

Tissue distribution of spontaneous ASCs and memory B cells

We also assessed for the presence of spontaneous ASCs and
memory B cells at the contraction phase. The frequency of
spontaneous ASCs and memory B cells specific to HA was dif-
ferent in each studied tissue sample. As shown in Fig. 6A, unlike
NP-specific memory T cells, a significantly higher frequency of
HA-specific spontaneous ASCs was detected in the mediastinal
lymph nodes (104 SFC/10° mononuclear immune cells) com-
pared with other tissue compartments (p < 0.01). Fewer num-
bers of spontaneous ASCs were detected in the bone marrow
(20 SFC/10° mononuclear immune cells), lung (13 SFC/10°
mononuclear immune cells), and spleen (7 SFC/10° mononu-
clear immune cells). HA-specific spontaneous ASCs could not
be detected in peripheral blood (below the established limit of
detection for the assay).

For memory B cell response, a polyclonal stimulation with R848
(TLR7/8 ligand) and IL-2 were used. This type of stimulation was
found to be optimal for differentiation rhesus monkey memory
B cells into ASCs, without losing cell viability (Supplemental Fig.
1A, 1B). After 6 d of in vitro activation in cell culture medium,
significantly higher frequency of HA-specific IgG memory B cells
was detected in the mediastinal lymph nodes (325 SFC/10°
mononuclear immune cells) compared with other tissue com-
partments (p < 0.01) (Fig. 6B). The frequency of HA-specific IgG
memory B cells was low in spleen (99 SFC/10° mononuclear
immune cells), peripheral blood (64 SFC/10° mononuclear im-
mune cells), lung (20 SFC/ 10° mononuclear immune cells), and
negligible in bone marrow.
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FIGURE 5. Expression of CD103 and CD69, phenotypic markers of Tgry on NP-specific lung memory T cells at the contraction phase. Percentage of
cytokine producing CD8"* (A) or CD4" (B) memory T cells that expressed CD103 in peripheral blood, lung, and mediastinal lymph nodes. Depletion of
CD69-positive cells from lung mononuclear immune cells and cytokine response in NP-specific CD8* (C) or CD4* (D) memory T cells. Means = SE
of n = 8 are shown. Representative flow cytometry plot of lung CD103* and CD103~ CD8" T cells expressing IFN-y and IL-2 and frequencies of IFN-y and
IL-2 production from lung CD103* and CD1037CD8* T cells from eight animals (E). Each data point represents the value for an individual monkey
and horizontal lines are means. Phenotype of IFN-y—producing CD8* T cells in the lung (F). Shaded histograms represent isotype control and solid
lines represent lung CD103™ or CD103*IFNy"CDS8* T cells expressing PD-1, CXCR3, and CCRS5. Data are representative of four monkeys.

KLH was used as a control Ag for coating plates. We consistently
observed a negligible number of spots in Ag control KLH coated
wells, suggesting the assay was specific for detecting HA. Due to
a limited number of cells, we could not perform the assay to de-
termine the number of spontaneous Ab secreting cells and memory
B cells that secrete HA-specific IgA.

Influenza-specific systemic and local immune responses in
young adult and old monkeys

To study age-related changes, we compared serum Ab, T cell
responses in peripheral blood and local memory T, B, and spon-

taneous ASCs in the lung, and mediastinal lymph nodes between
young adult and old monkeys. Following 2009 pHINI1 infec-
tion, all animals, regardless of age, developed immune responses
against influenza. No significant difference in the magnitude and
kinetics of serum Ab (HAI and NT) responses in young adult mon-
keys (n = 8; mean age = SE = 6.5 = 0.2 y) versus old monkeys
(n = 8; mean age * SE =20.4 + 1.2 y) (Supplemental Fig. 2A).
Comparable peripheral blood T cell responses between young
adult and old monkeys were observed with the exception at 14 d
after first virus inoculation at which the cytokine response was
higher in young adult animals.

B
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There were not significant differences in the magnitude of
cytokine-producing lung memory T cells, CD103 expression on
cytokine-producing lung memory CD8* T cells, mediastinal lymph
node spontaneous ASCs, and memory B cells in young adult
monkeys (n = 4; mean age = SE = 6.5 *£ 0.3) and old monkeys
(n = 4; mean age = SE = 20.5 * 2.5) at the contraction phase
(Supplemental Fig. 2B).

Discussion

One of the key challenges for vaccinologists is to develop vaccines
that induce site-specific protective immunity to attempt to mimic
the immune response to natural infection. The generation of Try
cells and memory B cells as part of the local lung immune re-
sponse against influenza infection has recently been demonstrated
in a mouse model of influenza infection (15, 22, 23, 35). To further
explore the role of local immunity, we used a nonhuman primate
model of influenza infection to analyze the tissue distribution of
memory T and B cells. Our findings are consistent with previous
reports that pulmonary infection of rhesus monkeys with 2009
pHIN1 induces no clinical disease associated with limited viral
replication (32, 33) and that rhesus monkeys pulmonary infected
with 2009 pHIN1 developed both systemic and local immune
responses. Influenza-specific adaptive immune cells including mem-
ory T, B, and spontaneous ASCs were detected in several tissue
compartments but differed in tissue tropisms.

During the expansion phase 14-23 d after second virus inocu-
lation, the proportion of NP-specific memory T cells in the lung-
draining mediastinal lymph nodes was significantly higher than in
the lung. These finding may not be surprising because priming of
naive T cells by dendritic APCs occurs in the mediastinal lymph
nodes (38, 39). Preferential localization of memory T cells to the
lungs occurred during the contraction phase, 49-58 d after second
virus inoculation. These results agree with previous mouse data,
which suggest that the tissue tropism of the natural infection
influences the localization of memory T cells (40). The markedly
increased lung NP-specific memory T cells and the decrease of
mediastinal lymph node memory T cells at the later contraction
phase likely reflect the migration of memory T cells from the
lymph nodes to the lung. Despite similarity in the magnitude of
NP-specific memory T cell responses in peripheral blood and in
the lung at the expansion phase, the frequency of NP-specific
memory T cells in the lung at the contraction phase was 6-fold
greater than that in peripheral blood. In addition, the number of
polyfunctional memory CD4* and CD8* T cells producing double
cytokines, IFN-vy plus IL-2, in the lung was 6- to 10-fold greater in
frequency than that in peripheral blood, suggesting a possible
functional difference between memory T cells from the two
compartments. Increase in the number of polyfunctional T cells
that produce multiple cytokines is known to associate with pro-
tective immunity in many infection models (41-44).

TrMm cells coexpressing CD103 and CD69 have been identified
in mice and recently in humans (11, 45, 46). The ag37 integrin
CD103 promotes cell adherence to E-cadherin expressed on tissue
epithelial cells (47), whereas C-type lectin CD69 inhibits
sphingosine-1-phosphate receptor 1, leading to tissue retention
(48, 49). In this study, we identified influenza-specific lung
memory T cells expressing CD103 and CD69 in rhesus monkeys.
Consistent with mouse data, CD103 expression was detected
mainly on CD8" memory T cells but negligible on CD4" memory
T cells, whereas CD69 expression was detected on both memory
CD8" and CD4" T cells (11, 45). Recent data show a differentia-
tion pathway from CD69*CD103™ to CD69*CD103* Try cells
and suggest a delay of CD103 expression compared with CD69
expression (50). These findings may explain why the proportion of

RHESUS MONKEYS, INFLUENZA INFECTION, MEMORY T AND B CELLS

lung CD103-positive NP-specific CD8" T cells observed in this
study was consistently less than CD69-positive NP-specific CD8*
T cells (40 versus 63%). A limitation of our study is that we did
not sample far out enough in time to assess whether CD103 would
increase in number. Similar to influenza-infected mice (51), in-
fluenza infection in rhesus monkeys generates two populations
of lung memory T cells, ones expressing Try cell phenotypic
markers CD103 and CD69, which are involved in cell adhesion
and tissue retention and likely localize in lung parenchyma,
whereas the others lack CD69 and CD103 expression and thus
likely localize in lung vasculature. Unlike mice in which the an-
atomical location of vascular and lung tissue memory T cells can
be differentiated by intravascular Ab staining combined with tet-
ramer labeling (51, 52), there are significant technical restrictions
to using such a technique in rhesus monkeys.

It has been suggested that the ability of memory T cells to
home to the lung parenchyma as Tgy, is critical to control lung pa-
thogens such as influenza and Mycobacterium tuberculosis (15, 16).
Strategically well-positioned in the lung tissue, Try cells could
rapidly recognize, mediate cytotoxicity and secrete cytokines to
control local microbe-infected cells. Our study on cytokine pro-
files of NP-specific lung memory T cells at the contraction phase
indicates that a large proportion of both lung CD8* and CD4*
memory T cells produced IFN-y alone or IFN-y plus IL-2. Further
detailed analysis suggests that there is no different in the levels
of IFN-y and IL-2 responses between lung CD103*CD8* versus
CD1037CD8" memory T cells. Recent observations suggest
that airway CD8" Tgry cells produce IFN-y faster than systemic
memory CD8* T cells and are responsible for rapid protection
against respiratory infection (53). In this study, we did not com-
pare the kinetics of cytokine production between lung CD103*
CD8* versus CD103'CD8* memory T cells. The ability to secrete
IFN-vy and IL-2 is crucial for local lung immunity. Try cell-
derived IFN-vy is known to be critical for recruitment of circu-
lating memory CD8" T and B cells to the site of infection via an
IFN-vy—induced VCAM-1 pathway (54) and is responsible for the
induction of broad antiviral protein; the IFN-induced transmem-
brane protein 3 in local tissue (55). Mouse lung Tgry; cells that
lack IFN-induced transmembrane protein 3 are more susceptible
to influenza infection than their normal counterparts (56). IL-2
produced by Tgry cells could rapidly upregulate granzyme B on
innate NK cells involved in direct killing of infected cells (54).
The ability of rhesus lung-resident memory T cells to recognize
a conserved influenza NP suggests that they may play a role
in heterosubtypic immunity against emerging influenza virus
variants.

Our findings that lung CD103*IFN-y*CD8" T cells express
higher levels of PD-1 than CD103™ IFN-y*CD8" T cells seems to
support previous observations in mice that influenza-specific lung
Trm express higher PD-1 than non-Tgry cells (35). Alternatively,
the observed expression of PD-1 may result from an in vitro
stimulation with NP peptide pool (57), and this may suggest a
high activation status of CD103*IFN-y*CD8"* T cells. In any
event, more work is needed to determine regulatory role of PD-1
expression of Tgryy cells. In addition, we observed only minimal
expression of CXCR3 and CCR5, on both CD103* and CD103™
IFN-y*CD8" T cell subsets. These findings differ from recent
observations in M. tuberculosis—infected mice, which show high
expression of CXCR3 on lung Tgry cells (16). More study of
chemokine receptors on influenza-specific lung Tgy; cells is re-
quired to elucidate to importance of chemokine receptors in es-
tablishing tissue residence.

Plasma cells and memory B cells are components of humoral
immunity crucial for protection against influenza infection. We
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observed a high frequency of long-lived HA-specific spontaneous
ASCs and memory B cells in the mediastinal lymph nodes and
only low frequencies in the lung of rhesus monkeys. The findings
differ from recent mouse studies in which large numbers of
influenza-specific ASCs and memory B cells are detected in the
lung after influenza infection (22, 23, 58). These mouse ASCs and
memory B cell are generated during germinal center activation
within ectopic lymphoid-like structure in the lung known as in-
duced BALT (iBALT) (59, 60). Development of iBALT in murine
lung is commonly observed and persists for a long time after
influenza infection (61). We did not investigate the formation of
iBALT in the lung of influenza-infected monkeys. However, in-
fection of rhesus monkeys with 2009 pH1Nlin our study was
self-limited and asymptomatic with no clinical signs of intense
lung inflammation, conditions that do not favor iBALT formation
(62, 63).

Accumulating data suggest that humoral and cellular immune
responses are impaired in aged individuals, leading to the increased
susceptibility to influenza infection and decreased immune re-
sponse to influenza vaccine (64). Our findings show that the serum
Ab (HAI and NT titers) and peripheral blood T cell responses
were mostly comparable between young adult and old monkeys
following 2009 pH1Nlinfection. These findings differ from recent
observations indicating that influenza vaccine-induced Ab re-
sponses are significantly reduced in old rhesus monkeys compared
with young adult animals (65). We did not detect any significant
difference in young adult versus old monkeys with regard to the
frequency of NP-specific memory T in the lung and the proportion
of lung NP-specific memory T cells expressing CD103. In addition,
the frequency of spontaneous Ab secreting cells and memory
B cells in the lung mediastinal lymph nodes did not correlate with
the age of animals. This study was conducted using a small sample
size, and the average age in the older group was 20.4 y (equivalent
to a 63-y-old humans), limiting conclusions to some degree.

Our findings from a rhesus monkey model of 2009 pHINI in-
fection support the current concept that the site of pathogen in-
fection determines the localization of immune memory cells.
Following influenza infection, we detected preferential localization
of memory T and B cells in the lung and lung-draining mediastinal
lymph nodes, respectively. We confirm recent observations that
immune responses in the lung differ from those in peripheral blood,
which are commonly used as an indicator of memory response
following infection or vaccination. Analysis of immune responses in
specific tissue compartment where protection is needed against lo-
calized infection such as influenza, tuberculosis, and liver-stage
malaria provides important insights into protective immunity and
will help guide vaccine development.
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