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Abstract

Human gingiva is a primary site that constantly challenged by dental plaque
microbiome, therefore effective and balanced innate and adaptive immune responses are
crucial to maintain periodontal tissue homeostasis.We investigated heterogeneity of human
memory T cells in healthy gingiva and periodontitis. Immunostaining of healthy gingiva
showed large clusters of CD3" T cells in the connective tissue adjacent to junctional
epithelium. Flow cytometric analysis showed that more than 95% of gingival CD3" T cells

expressed memory cell phenotype both in health and periodontitis. Healthy gingiva- memory

T cells are consisted of two populations, including CD69 recirculating and CD69" gingiva-
resident memory T cells. In both populations, CD4" T cells with transitional memory
phenotype (CD28", CD95", CCR7 and CDA5RA) constitute the major subset. In periodontitis
tissues, larger aggregates of CD3+ T cells were detected at the base of periodontal pocket,
especially apically toward the advancing front of the lesion. A significant increase in the
proportion of CD4"CD69'CD103 memory T cells was observed in periodontitis tissue as
compared to control healthy gingiva. cog” memory T cells from periodontitis tissues
produced either IL-17 alone or IFN-y alone, whereas cps’ memory T cells produced only
IFN-y. Our findings suggest that recirculating and gingiva-resident memory T cells could
represent an important part of immune surveillance network in the connective tissue of
healthy gingiva. A dysbiosis in subgingival plaque bacteria could disrupt or damage gingival
barrier leading to uncontrolled T cell activation and cause deleterious tissue inflammation
and bone loss. More studies are needed to better understand how subgingival microbiota
and gingival-specific signals effectively regulate immune responses in periodontal health and

disease.
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Comprehensive analysis of periodontal tissue memory T cell subset in health

and disease

Rational

Periodontal disease is a common chronic inflammatory disease in humans, which affects
gingiva and supporting bone. It is recognized as one of the major oral health problems and
may lead to tooth loss in a severe case (periodontitis). The disease results from host immune
response to bacterial biofilms in dental plaque. The abundant of lymphocyte infiltrates has
been detected in periodontal lesions. A mild/stable lesion (gingivitis) is dominated by T cells
while periodontitis is dominated by B cells. Shifting from a T cell-gingivitis lesion to a B cell-
periodontitis lesion is hypothesized to be associated with pathogenesis of periodontal
disease and this may be due to the presence of specific T cell subsets and their response to
periodontal pathogens. Recent advance in memory T cells has revealed that these cells
constitute the most abundant lymphocyte population in the human body such as blood,
lymphoid and non-lymphoid tissues. Memory T cells has subset heterogeneity. While
circulating memory T cells (central memory T cells, effector memory T cells, and terminal
effector memory T cells) provide efficient protection against systemic infections, their ability
to deal with localized infections in the periphery is often limited. A newly identified memory
T cells that permanently reside in non-lymphoid tissues such as mucosal sites (skin, lung,
gut, and vagina) are referred to as tissue-resident memory T cells. Recently it has been
highlichted that these tissue-resident memory T cells are capable to provide superior
protection against infection relative to the circulating memory T cells. So far, there has been
no study of periodontal tissue memory T cell subsets. We therefore, propose to
comprehensively investigate the memory T cell subsets reside in healthy and diseased
periodontal tissue. We will also evaluate each subset upon their cytokine response and
expression of granzyme B, all of which involve periodontal tissue inflammation and bone
destruction. Such a study will provide further insights into periodontal tissue memory T cells

and their role in disease.



WQUszaen

We will investigate T cells isolated from periodontitis tissue and compare with healthy

periodontal tissue in order to provide new insights into subsets of memory T cells in human

periodontitis and their specific cytokine response. The specific objectives are as follows:

1. Flow cytometric analysis of memory T cell subsets (Tscw, Tews Tems T1e, Taw) N
periodontitis tissue as compared with healthy periodontal tissue.

2. To investigate the expression profile of cytokines (IL-2, TNF-a, IFN-Y, RANKL), granzyme B
in different subsets of periodontal tissue memory T cells.

3. To study anatomical localization of periodontal tissue Tgy that express CD103 by
immunohistochemistry

dsunanisaniiuau

1. We evaluated the memory subsets of T cells from both healthy periodontal tissue and
periodontitis specimens. We found Ty, Tscm, Tems Tems Tt Trw Cells in both oral healthy
and periodontitis tissues.

2. We investigated the localization of CD3, CD4, CD8 (T cells markers) and CD103 (Resident
T cells marker) in oral healthy and periodontitis section by immunohistochemical
staining technique. We found that the CD3, CD4, CD8 and CD103 was clearly observed in
the epithelial layer and lamina propria of oral healthy and periodontal tissue.

3. We investigated the expression profile of cytokine (IFN-y, IL-17) and granzyme B in

different subsets of periodontal tissue memory T cells. We found CD4'CD103" and
CD4'CD103 memory T cells isolated from periodontitis tissues produced either IL-17 or

IFN-Y while CD8'CD103" and CD8'CD103 memory T cells produced only IFN-Y



Introduction to the research problem and its significance

Periodontal disease is one of the most common chronic inflammatory diseases in
humans. The disease involves tooth supporting structures, gingiva and alveolar bone. The
severe form of the disease called periodontitis is known as one of the major causes of tooth
loss in adults. At present, the imbalance in host immune response to periodontal pathogens
in dental plaque is considered as a key for the periodontal disease initiation and progression.
The abundant of lymphocyte infiltrates has been detected in periodontal lesions. Gingivitis
lesions (a mild and stable form of periodontal disease) are dominated by T cells while
periodontitis lesions are dominated by B cells and plasma cells. Therefore, the shifting from
a T cell-gingivitis lesion to a B cell-periodontitis lesion has been suggested to be associated
with pathogenesis of periodontal disease and this may be due to the presence of specific T

cell subsets and their response to periodontal pathogens.

It is well recognized that T cells play important roles in immune responses and
function by directly secreting soluble mediators or cytokines. Early T cell studies revealed
the existence of different T cell subsets including Th (T helper)l, Th2, Th17, and Treg
(regulatory T cells) in periodontal lesions. However, the significance of these cell types in
periodontal health and disease remain unclear and inconclusive. The concept of Thl and
Th2 was derived from mouse model and rarely found to be related to human diseases.
Many studies of human T cells have been conducted on sample peripheral blood, not
periodontal tissue where the immune response takes place. The field of T cell research in

periodontal disease has been slow down for the past twenty years.

Until very recently, the improved and more sensitive immunological methods have
provided update information about antigen specific memory T cells. Different memory T cell
subsets have been characterized based on the differential expression of surface markers and
cytokines. The memory T cells found in the blood can be divided into central memory (T¢y)
T cells, effector memory (Tgy) T cells, and stem cell memory T (Tsqy) cells which retain stem
cell-like properties. Another subset of memory T cells that permanently reside in non-
lymphoid tissues has recently been identified; they are now widely referred to as tissue-
resident memory T (Tgw) cells. The mechanism of Ty retention in tissues is not precisely
known. Unlike peripheral blood memory T cell subsets, Tgy represent the predominant
memory T cell subset in mucosal sites (skin, gut, lung, and vagina), spleen and bone marrow.
These Tgy cells are crucial as they provide a first line of defense against secondary infection
by the same pathogen at the local sites. For example, infection with influenza virus leads to
the generation of both resident and transient circulating memory T cells in the lungs.

However, lung Tgy CD4 T cells and CD8 T cells show optimal protection against influenza
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challenge compared with circulating memory T cells. Collective evidence from skin and
vagina studies also suggests that Tgy in peripheral tissues play a key role in mediating T cell-
dependent protective immunity against microbial pathogens. Furthermore, these findings
also suggest that peripheral blood immune response may differ from those at the tissue sites

where they are needed.

Despite recent advance in memory T cells in mucosal tissues, there has been no study of
periodontal tissue-specific memory T cell subset. We therefore, propose to comprehensively
investigate the memory T cell subsets reside in healthy and diseased periodontal tissue. We
will also evaluate cytokine response and expression of granzyme B on different subset of
memory T cells. Such a study will provide further insights into periodontal tissue-specific
memory T cells and their role in disease. The Immunology laboratory, Department of
Periodontology, Faculty of Dentistry, Chulalongkorn University has many unique
characteristics, which enable to carry out this important study: 1) our laboratory has
continued working with periodontal tissue immune response with measurable outputs, 2) our
team has multi-year experience in obtaining human periodontal tissues and isolation of
immune cells from those tissues, and 3) multi-color flow cytometry has already exist in the
lab.

Our research team has recently carried out a pilot study to investigate memory T cell
subsets in two periodontal tissue specimens, one from healthy periodontal subject and the
other from periodontitis patient. Flow cytometric analysis in Figure 1 shows that different
memory T cell subsets could be identified in both healthy and diseased tissues. Increased
percentage of memory CD4" and CD8" T cells expressed CD103 (known as tissue retention

marker) was found in periodontitis tissue as compared to healthy tissue.
Literature review

Periodontal disease is generally described as specific diseases that involve a tooth
supporting structure. The periodontal diseases are infectious and recognized as one of the
most common chronic inflammatory diseases in humans (Holmstrup et al., 2010; Williams,
1990). Formerly, periodontal diseases were simply categorized into two distinct forms based
on disease severity, gingivitis and periodontitis. Gingivitis is inflammation of the gingiva (Lyons
et al,, 1950). Periodontitis is inflammation of the periodontium that extends beyond the
gingiva and produces destruction of the connective tissue attachment of the teeth (Ranney,
1993).



Dental plaque biofilms have been well recognized as etiologic agents. The disease
initiation and progression results from host response to plaque bacteria. In healthy
periodontal tissue, low amounts of Gram-positive aerobes and facultative anaerobes, such as
Streptococcus species and Actinomyces species, are found supragingivally (Moore and
Moore, 1994). More accumulation of plaque leads to gingival inflammation (or gingivitis) with
increased cellular infiltrates. T cells are the dominant cell type in gingivitis lesions. In
contrast, in the more advanced form of periodontal disease, periodontitis, cellular infiltrates
including numerous T and B cells are observed together with high levels of inflammatory
mediators such as IL-1B, tumor necrosis factor-a (TNF-a), prostaglanding E2 (PGE2), and
interferon-y (IFN-y) receptor activator of NF-kB ligand (RANKL), and granzyme B in tissues and
gingival crevicular fluid (Belibasakis and Bostanci, 2012; Page et al., 1997; Seguier et al., 1999).
These mediators have been known to be involved in tissue and bone destruction (Graves et
al,, 2011). B cells and plasma cells are the dominant cell type in periodontitis lesions, and
numerous Gram-negative anaerobes are found in subgingival biofilms (Seymour, 1991). The
differences in  microbial compositions and quantities between health/gingivitis and
periodontitis may influence the local inflammatory response. Key periodontal pathogens,
Porphyromonas  gingivalis, Aggregatibacter actinomycetemcomitans and Tannerella
forsythia, which are frequently detected in deep periodontal pockets, are well recognized for

their virulence as etiologic agents in human periodontitis (1996).

T cells in periodontal disease

Generally, the T cell population is divided into two main subsets, CD4" and CD8" T cells.
CD4" T cells or helper T (Th) cells have received much attention not only regarding their role
in effective immune defense, but also regarding their participation in tissue inflammatory
responses, through the cytokines they produce. About three decades ago, Mosmann et al.
(Mosmann et al., 1986) first described distinct functional subsets of Th cells in mice: Thl and
Th2 based on their cytokine profiles. Thl cells secrete IFN-y and IL-2 and mediate
predominantly cell mediated immune responses. In contrast, Th2 cells mediate humoral
immunity by secreting IL-4, IL-5 and IL-13. An elegant experiment conducted in a mouse
model demonstrated that mice resistant to infection by the intracellular parasite Leishmania
major developed Thl response whereas those susceptible to the infection develop Th2
response (Mosmann and Coffman, 1989). The simplicity of this Th1/Th2 paradigm of
resistance/susceptibility in a mouse model then became attractive and encouraged further
investigation into many human diseases including human periodontitis. It was hypothesized
by Seymour and co-workers (Gemmell et al., 2002; Gemmell et al., 2007) that Th1 cells are
associated with the stable gingivitis lesion while Th2 cells are associated with the progressive
periodontitis lesion. Some studies did not agree and showed a mixed Th1 and Th2 responses
in advanced periodontitis (Berglundh et al., 2002; Fujihashi et al.,, 1996; Prabhu et al., 1996).
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Over all, the respective roles of Th1 and Th2 cells in human disease and periodontal disease

remain inconclusive.

Other CD4" T cell subsets, the so-called Th17 and Treg (regulatory T cells), have been
described. Both of which add complexity into the cytokine network. Th17 secrete a pro-
inflammatory cytokine-IL-17 while Treg secrete IL-10 and TGF-B (Noack and Miossec, 2014).
Treg functions opposite to Th17 cells, which inhibit tissue inflammation and maintaining self-
tolerance(Awasthi and Kuchroo, 2009). Both Th17 and Treg were identified in periodontitis

however, their physiological role in protection and disease are still unclear.

Memory T cells

Following positive and negative selection, T cells are released from the thymus as
mature, naive T cells harboring a given epitope specificity. In response to cognate antigen
encounter, naive T cells proliferate and differentiate into effector cells, the vast majority of
which migrate to peripheral tissues and inflamed sites to facilitate destruction of infected
targets (reviewed in (Sallusto et al, 1999)). Following antigen clearance, such as that in
smallpox vaccination, >95% of the effector cells die while a small pool of T cells ultimately
develops into long-lived memory T cells (Zhang et al., 2005). The memory T cells found in
the blood can be divided into subsets based on the differential expression of markers of
migration, CD62L and CCR7 (Sallusto et al., 1999). Those with high expression of CD62L and
CCRY7 are termed central memory T cells (Tqy) because they are enriched in the secondary
lymphoid organs. By contrast, memory T cells lacking CD62L and CCR7 expression migrate
between blood and non-lymphoid tissue, exhibiting rapid effector capabilities on stimulation
and so are termed effector memory cells (Tgy). These Tgy can be differentiated into terminal
effector memory T cells (Ty¢) by IL-15 (Lugli et al., 2010). Studies in both mice and humans
have led to identification of another subset of memory T cells which retain stem cell-like
properties similar to hematopoietic stem cells and generate multiple subsets of memory T
cells in vitro (Gattinoni et al., 2011; Zhang et al., 2005).These cells are known as stem cell
memory T cells (Tscw). Tew and Tsey express CD28 and CD95, while Tgy and T+ express CD28
but no CD95.

In recent years, a new subset of memory T cells that permanently reside in non-
lymphoid tissues has been identified; they are now widely referred to as tissue-resident
memory T (Tgy) cells (Ariotti et al,, 2012; Di Meglio et al,, 2011; Sathaliyawala et al.,, 2013).
The mechanism of Tyy retention in tissues is not precisely known. Tgy in mice, nonhuman
primates and humans express CD103 and CD69. The ligand for CD103, E-cadherin, is
expressed on epithelial cells suggesting that the interaction of CD103 and E-cadherin may

contribute to maintaining the resident status of Tgy in peripheral tissue (Pauls et al., 2001). It
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should be pointed out that CD103- Tgy also can be detected and localize to the same
clusters that CD103 Tgy, do (Wakim et al., 2010). Another key cell surface marker of Tgy is
CD69. In addition to its association with recent activation, CD69 inhibits the function of
sphingosine-1-phosphate receptor 1 (S1P1), resulting in retention of newly primed T cells in
draining lymph nodes (Shiow et al,, 2006). Therefore the CD69/S1P1 may play a role in
inhibiting Ty cell egress from tissue. This CD103/CD69" phenotype is not expressed among
pathogen-specific memory CD8 T cells in blood (Mueller et al., 2013). It should be pointed
that Try can be further classified as Tgy CD103 and Try CD103" (Farber et al,, 2014).

Circulating memory T cells Tissue-resident memory T cells

© 0« @

+ = = = =

CCR7 T

cD28 + +

CD95 + - + - + +
CDes - - - - + +
cD103 - - - ; ) i
IL-2 +++ +++ ++ +/- +/- +/-
IFN + ++ +++ +H +4+ +H
TNF + + +t +HHt +H +H+

Figurel. Schematic of human memory T cell heterogeneity in the blood and in
tissues. Four circulating populations include stem cell memory T cells (Tsqw), central
memory T cells (Tqy), effector memory cells (Tgy), and terminal effector memory T cells (Tg).
Two tissue populations include tissue-resident memory T (Tgy) cells with CD103+TRM and
CD103 Ty,

While circulating memory T cells provide efficient protection against systemic infections,
their ability to deal with localized infections in the periphery is often limited. In a mouse
model of viral infection, it was clearly demonstrated that Tgy provide superior protection
against viral infection relative to the circulating memory T cells (Gebhardt et al., 2009; Jiang
et al,, 2012; Mackay et al., 2012). Ty cells generated in skin and salivary glands after Vaccinia
virus or LCMV infection, mediate potent protection from infection rechallenge even when T

cell recirculation is pharmacologically inhibited (Hofmann and Pircher, 2011; Liu et al., 2009;
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Teijaro et al., 2011). Tgy established in the vagina epithelial layer by exogenous chemokine
treatment provide better protection against a lethal vagina HSV-2-challenge compared to
circulating HSV-2-specific memory T cells (Shin and Iwasaki, 2012). Infection of mice with
influenza virus leads to the generation of both resident and transient circulating memory T
cells in the lungs; however, lung Tgy CD4 T cells and CD8 T cells show optimal protection
against influenza challenge compared with circulating memory T cells (Teijaro et al.,, 2011;
Turner et al,, 2014; Wu et al, 2014). Collective evidence suggests that Tgy in peripheral
tissues play a key role in mediating T cell-dependent protective immunity against microbial
pathogens. Furthermore, these findings also suggest that peripheral blood immune response

may differ from those at the tissue sites where they are needed.

While recent advances have been made on memory T cells from different mucosal
tissues, most of these data have been derived from a mouse model which could be different
from human immune response. Thus, we propose for the first time to comprehensively to
investigate different memory T cell subsets in human healthy and periodontitis tissues. This
proposed study will provide new insights into subsets of memory T cells in human

periodontitis and their specific cytokine response.
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MATERIALS AND METHODS

Reagents

Monoclonal antibodies (mAbs) against the following proteins for flow cytometry: CD3
(SK7), CD4 (RPA-T4), CD8 (RPA-T8), CD 28 (CD28.2), CD95 (DX2), CDA5RA (5H9), CCR7 (150503),

CD69 (FN50), CD103 (Ber-ACT8) and IFN-Y (B27) were form BD Biosciences; IL-17A
(eBio64CAP17) was from eBioscience. mAbs against the following proteins for
immunohistochemistry analysis: CD3 (A0452) was from DAKO, CD4 (EPR6855) and CD103
(EPR4166(2)) were from Abcams and CD8 (1A5) was from Leica Biosystems.

Ethic statement

Ethical approval was obtained from the Ethics Committee Faculty of Dentistry,
Chulalongkorn University (HREC-DCU 2013-016). Written informed consent of all participating

subjects was obtained prior to inclusion in the study.

Gingival tissue specimens

Gingival tissues were obtained from patients with severe chronic periodontitis and
subjects with  healthy gingiva. These specimens were collected from patients at the
Periodontal Clinic and Oral Maxillofacial Surgery Clinic, Faculty of Dentistry, Chulalongkorn
University. Each patient had at least 16 remaining teeth with no history of periodontal
treatment for the past 6 months. Subjects with healthy gingiva showed no sign of gingival
inflammation (no bleeding on probing, probing depth < 4 mm) and no clinical attachment
loss or bone loss. Healthy gingival tissue were collected during crown-lengthening procedure
for prosthetic or orthodontic reasons. Periodontitis tissues were collected from sites of
extracted teeth that were irrational to treat (bleeding on probing, probing pocket depth > 6
mm and bone loss > 60% of the root). All subjects were in good general health, and had
not taken antimicrobial or anti-inflammatory drugs within the previous 3 months.
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Immunohistochemistry

Gingival tissues were fixed in 10% buffered formalin for a maximum of 24 h and
subsequently embedded in paraffin. Microtome serial 4-micron-thick sections were cut and
mounted on glass slides. Sections were deparaffinized. To inhibit endogenous peroxidase,
the sections were incubated in 0.3% hydrogen peroxide solution for 20 min, and heated in 1
mM EDTA pH 8.0 at 95°C for 20 min for antigen retrieval.

To identify CD3+, CD4+, CD8" and CD103" cells, staining was performed on the
sections via Polymer/HRP and DAB+chromagen system (DAKO EnVisionTM G/2 Doublestain
System). The samples were stained with the designated primary antibodies followed by

Polymer/HRP, and then counterstained with hematoxylin.

Flow cytometric analysis of memory T cell subsets

Cells from healthy gingiva and periodontitis tissues were stained with mAbs against
CD3, CD4, CD8, CD28, CD95, CDA5RA and CCR7. T cells expressing CDA5RA” CCR7 CD28"CD95
were defined as naive T cells. Phenotypic markers of memory T cell subsets were

characterized as follows:
1) CDA5RA'CCR7'CD28"CD95" cells were Ty cells
2) CD45RA CCR7°CD28'CD95" cells were Tey cells
3) CD45RA CCR7'CD28°CD95" cells were Tqy cells
4) CD45RA CCR7 CD28'CD95 " cells were Ty, cells
5) CDA5RA'CCR7' CD28'CD95 " cells were Ty cells

To identify Tgy cell markers; CD69 and CD103, cells were stained with mAbs against
CD3, CD4, CD8, CD69 and CD103. CD69 memory T cells were characterized as recirculating
memory T cells, while CD69" memory T cells were characterized as gingiva-resident memory
T cells. Flow cytometry analysis was performed using 12-color flow cytometry, FACSCelesta

(BD Biosciences).

Intracellular staining analysis of IL-17 and IFN-Y

Gingival cells were stimulated with Staphylococcal enterotoxin (SEB) (4 pg/ml) and
gingival cells cultured in medium served as negative control. After 2 h of stimulation,
Golgiplug was added to inhibit cytokine secretion and the cell cultures were further
incubated overnight. The cells were washed and stained with a panel of antibodies including
anti-CD3, anti-CD4, anti-CD8 and anti-CD103 mAbs. The stained cells were
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fixed/permeabilized and intracellular cytokines were stained with mAbs against IL-17 and IFN-

Y. Finally, stained cells were analyzed by 12-color flow cytometer.

Statistical analysis

The data were analyzed using SPSS 22.0 for Windows (SPSS). Results were shown as mean
+ SEM. Comparisons of one variable between two groups were analyzed using the Mann-
Whitney U test. Comparisons between two variables in one group were analyzed using the

Wilcoxon signed-rank test. Two-tailed p values <0.05 were considered statistically significant.
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RESULTS

Human memory T cells in healthy gingiva

Immunohistochemical staining was used to investigate the presence and anatomical
location of T cells in healthy gingiva. Fig. 2 showed that CD3" T cells formed clusters close to
capillary opening, scattered throughout connective tissue. Some were detected in the
epithelial layer. Dense CD3" T cell clusters were consistently observed at the bottom of the
healthy gingival sulcus adjacent to the junctional epithelium. CD4", CD8" and CD103" T cells

were also detected in the same locations.

cD3* ' cps* cD103*

Figure 2. Anatomical compartmental location of T cells in healthy gingiva. Representative
immunostaining of CD3+, CD4+, CD8" and CD103" T cells from 7 different healthy individuals.

Black arrows indicate T cells. Red arrows indicate capillary in the connective tissue.
Most of the T cells isolated from healthy gingiva were memory T cells (Fig. 3A). The

percentage of cog’ memory T cells in healthy gingiva was consistently higher compared with
cps8’ memory T cells (61.52%+1.47 vs 38.48%+1.47, P <0.001, (Fig. 3B).
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Figure 3. (A) Percentage distribution of memory T cells vs naive T cells in healthy gingiva. (B)

Frequency of CD4" vs CD8” memory T cells in healthy gingiva (n=9).

We next analyzed the expression of CD69 and CD103, surface markers commonly used to
identify Tgy cells. T cells expressing CD69 were defined as gingiva-resident memory T cells
whereas those not expressing CD69 were defined as recirculating memory T cells. Healthy
gingiva contained both CD69 recirculating memory T cells (56.26%=+4.31) and CD69" gingiva-
resident memory T cells (43.74%+4.31; P = 0.203) (Fig. 4). Most of CD69 and CD69" memory
T cell populations were CD4" cells and were CD103 negative (CDA'CD69 CD103 T cell
frequency = 34.21%+3.17, CD4'CD69'CD103 T cell frequency = 26.68%=+2.96). Only a small

proportion of memory T cells expressed CD103, which was mostly detected on CD8" T cells.

Memory T cells
in healthy gingiva

100+ m=CD4
mCD8
CD69* 801 (cp3*cpe9) (CD3*CD69")
gingiva- 60+ - =
resident
memory 401
T cells T cells 20
(56.26%) (43.74%

0-
CD103-CD103* CD103"CD103+

Figure 4. Percentage distribution of CD69- recirculating memory T cells and CD69+
gingiva-resident memory T cells. Mean + SE of n=9 are shown.
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We next characterized the composition of the memory T cell subsets; Tscu, Tows T,
Tewm, and T cells in the recirculating and gingiva-resident memory T cell populations. Fig. 5A
showed that CD45RACCR7CD28'CD95" Ty, cells (73.17 %=+3.71) and CDA45RA
CCR7'CD28'CD95" Tey cells (22.17%=+3.13) composed the majority of CD4'CD69 CD103
recirculating memory T cells. The percentages of Tscy, Tew, and Tre cells were negligible (0.1-
2%). Within the CD8'CD69 CD103 recirculating memory T cells, the Ty, cells comprised
48.02%+4.43, followed by CD45RA CCR7 CD28CD95" Tgy (29.10%=+4.53), CDA5RA'CCR7 CD28
CD95 Ty (11.53%=+2.43), CD45RA'CCR7'CD28°CD95" Tey (5.73 %+0.99), and Ty cells
(5.16%+0.62). The proportion of CD69 CD103" recirculating population was minimal and their
memory T cell subset compositions was similar to those in the CD69 CD103 recirculating

population (Fig. 5B).
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Figure 5. The composition of memory T cell subsets; Tscy, Tew, Ttm, Tems @nd Te cells in (A)
CD4'CD69 CD103 and CD8'CD69CD103, (B) CD4'CD69CD103" and CD8'CD69CD103" Each

data point represents the value of an individual sample and means + SE are shown (n = 9).

The composition of the memory T cell subsets of the CD69" gingiva-resident memory
T cells was evaluated. Ty and Ty cells made up 77.55%=+1.87 and 19.72%=+2.03,
respectively, of the CD4'CD69'CD103 gingiva-resident memory T cells. The percentages of
Tsems Tews and T cells were negligible (0.14 - 2.15%). Analysis of the CD8'CD69'CD103
gingiva-resident memory T cells indicated that the Tqy cells constituted 60.73%+3.69,
followed by T (22.82%+3.71), Tgy (6.21%+1.23), Ty (5.39%=+1.44) and Teqy cells
(4.85%+1.01) (Fig. 6A).

Only a small population of the CD69" gingiva-resident T cells expressed CD103. In
the CD4'CD69'CD103" gingiva-resident memory T cells, most were Ty, cells (83.14%),
followed by Tey (13.39%=+2.00), Tey (3.169%+2.15), and Tsoy cells (0.05%=+0.04). Among the
CD8" CD69'CD103" gingiva-resident memory T cells, the majority were Tqy cells
(68.01%+4.18), followed by Tgy (15.60%+3.41), Te (10.17%+2.32), Tey (5.53%=+1.2) and Teey
cells (0.69%=0.27) (Fig. 6B).
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Figure 6. The composition of memory T cell subsets; Tscm, Tems Tws Tem, @and Tre cells in (A)
CD4'CD69 CD103" and CD8'CD69CD103" , (D) CD4 CD69'CD103 and CD8'CD69'CD103, (B)
CD4'CD69'CD103" and CD8'CD69'CD103" . Each data point represents the value of an

individual sample and means + SE are shown (n = 9).

Increased accumulation of memory T cells in periodontitis tissues

Immunohistochemical staining of periodontitis tissues showed an increase of CD3" T cells
at the base of the periodontal pocket area and scattered throughout the connective tissue,
especially apically toward the advancing front of the lesion. Increased CD3" T cells in the
epithelial layer were not observed (Fig. 7). Numerous CD4’, CD8" and CD103" T cells were

also detected in the connective tissue.
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cD3* CcD3* cD4* cDs* cD103*

Figure 7. Anatomical compartmental location of T cells in periodontitis tissue.
Representative immunostaining of CD3+, CD4+, CD8" and CD103" T cells from 11 different
periodontitis subjects. Black arrows indicate CD3" T cells. Red arrows indicate capillary in the

connective tissue.

Similar to healthy gingiva, most of the T cells isolated from periodontitis tissues were
memory T cells (Fig 8A) and a higher proportion of cpg’ compared with CD8" (65.03%:+5.24
vs 34.97%+5.24; P < 0.05) memory T cells was observed (Fig. 8B).
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Figure 8. (A) Percentage distribution of memory T cells vs naive T cells in periodontits

tissues. (B) Frequency of CD4™ vs CD8" memory T cells in periodontits tissues (n=9).

Interestingly, the proportion of CD4'CD69 CD103 recirculating memory T cells was
significantly lower in periodontitis tissues compared with healthy gingiva (32.40%+3.03 vs
22.33%+2.54; P = 0.037). In contrast we observed an increased  proportion of
CD4'CD69'CD103 gingiva-resident memory T cells compared with healthy g¢ingiva
(36.85%+3.22 vs 24.11%=+2.70; P = 0.017) (Figs 9, and 4).
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Figure 9. Composition of memory T cell subsets in periodontitis tissue. (A) Percentage
distribution of CD69 recirculating memory T cells and CD69" gingiva-resident memory T cells.

Means + SE of n = 4 are shown.

The composition of the memory T cell subsets; Tsew, Tem, Tm, Tems @nd T cells in
periodontitis tissues were similar to those in healthy gingiva. CD4" and CD8" Ty cells (67.40%
- 91.91%) constituted the major subset in both recirculating and gingiva-resident memory T

cell populations (Figs. 10B, 10B, 11A and 11B).
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Figure 10. The composition of memory T cell subsets; Tscy, Tew, Tty Tem, and Tre cells in (A)
CD4'CD69 CD103 and CD8'CD69 CD103, (B) CD4 CD69 CD103" and CD8'CD69 CD103". Each

data point represents the value of an individual sample and means + SE are shown (n = 4).
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Figure 11. The composition of memory T cell subsets; Tscy, Tems Ttms Tem, @and Te cells in (A)
CD4'CD69'CD103 and CD8'CD69'CD103 , (B) CD4'CD69'CD103" and CD8'CD69'CD103" .

Each data point represents the value of an individual sample and means + SE are shown (n

= 4).

IL-17 and IFN-Y responses from memory T cells isolated from periodontitis tissues

The small number of T cells that could be isolated from healthy gingiva limited the
study of IL-17 and IFN-Y responses. Only single healthy tissue sample shown in Fig 12.
Memory T cells produced both IL-17 and IFN-Y, similar to those form periodontitis tissues.

26



CD4*

IL-17

+{1.80%

1.73%

i

T
10

T
10 w®

IFN-y

IL-17

CcD8*

0.05%

439%

L 52

R F
1w’ 10

IFN-y

1°

Figure 12. Expression of IL-17 and IFN-Y of CD4" and CD8" memory T cells isolated from

single healthy gingival tissue sample.

Cytokine responses from T cells derived from periodontitis tissues are shown in Fig. 13.

Memory T cells produced both IL-17 and IFN-Y. cog’ memory T cells predominant produced

IL-17 alone (frequency = 1.88%+0.52) and IFN-Y alone (frequency = 3.42%+1.82). The

frequency of CD4" T cells that produced IL-17 plus IFN-Y was negligible. Unlike coa’ memory

T cells, CD8" memory T cells mostly produced IFN-Y alone (frequency = 8.51%x+1.41).
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Figure 13. Expression of IL-17 and IFN-Y of CD4" and CD8’ memory T cells isolated from

periodontitis tissue. Representative of flow cytometry plot of CD4" and CD8" memory T cells
expressing IL-17 and IFN-Y and frequencies of IL-17 and IFN-Y production from CD4" and

cp8’ memory T cells. Mean + SE of n = 4 are shown.
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Measurement of IL-17 and IFN-Y production in recirculating vs gingiva-resident
memory T cells based on CD69 expression was not possible because in vitro stimulation with
SEB leads to CD69 expression on most T cells (Pichyangkul S et al., 2015). We next compared
the cytokine response between the memory T cell CD103" and CD103 subsets. We found
that the frequency of CD4" CD103" memory T cells that produced IFN-Y was 4.4 fold higher
than that of CD4'CD103’ memory T cells however, the differences did not reach statistical
significance (12.87%+4.82 vs 2.92%=+1.55; P = 0.06) (Fig. 14A). The frequency of IL-17
producing cells between CD4" CD103" and CD4'CD103 memory T cells was similar
(1.499%+0.25 vs 1.92%+0.51). A significant difference in the frequency of IFN-Y producing cells
between CD8'CD103" and CD8'CD 103 memory T cells was observed (11.40%+1.02 vs
7.56%+1.07 ; P = 0.029) (Fig 13B).
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Figure 14. Expression of IL-17 and IFN-Y of CD4" and CD8" memory T cells isolated from
periodontitis tissue. (A) Representative of flow cytometry plot of CD4" and CD8’ memory T

cells expressing IL-17 and IFN-Y and frequencies of IL-17 and IFN-Yproduction from CD4” and

CD8" memory T cells. Mean + SE of n = 4 are shown. (B) Representative of flow cytometry
plot of CD4'CD103 and CD4'CD103" memory T cells expressing IL-17 and IFN-Y and

frequencies of IL-17 and IFN-Yproduction from CD4'CD103 and CD4'CD103" memory T cells.
Mean + SE of n = 4 are shown. (C) Representative of flow cytometry plot of CD8'CD103 and

CD8'CD103" memory T cells expressing IL-17 and IFN-Yand frequencies of IL-17 and IFN-Y
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production from CD8'CD103 and CD8'CD103" memory T cells. Mean + SE of n = 4 are

shown.

Granzyme B expression was detected in control unstimulated cultures and did not

increase after SEB stimulation (Fig 15).
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UL - g
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Figure 15. Expression of granzyme B of CD3" memory T cells isolated from periodontitis

tissue.

DISCUSSION

There is a lack of reports concerning T cells in healthy gingiva. Using
immunohistochemical staining and flow cytometry, we showed that, like other human
mucosal tissues, most T cells isolated from healthy gingiva had a memory phenotype. The
two major populations of these memory T cells are recirculating and gingiva-resident
memory T cells, characterized by the expression of CD69, a well-known Tgy retention
marker. Gingival memory T cells formed clusters scattered in the connective tissue,
preferentially subjacent to the junctional epithelium, a strategic area vulnerable to
subgingival plague microbiome. Our findings highlight the possible role of memory T cells in
the healthy gingiva immune surveillance network.

cog’ memory T cells with a Ty, cell phenotype were the major subset in both CD69
recirculating and CD69" gingiva-resident memory T cells. cp8’ memory T cells in healthy
gingiva represented a minority subset and had Ty, cell phenotype. These results were
different from other studies showing that tissue T cells had a Tgy cell phenotype (Farber DL
et al,, 2014; Masopust D et al.,, 2015). These discrepancies may result from using different cell
surface markers for memory T cell phenotype identification. While most studies used CCR7

to define the Tgy, cell phenotype, we included two additional markers, anti-CD28 and anti-
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CD95 mAbs in the antibody cocktail, allowing subset differentiation between Ty, cells (CCR7
CD28'CD95") and Ty cells (CCR7 CD28CD95+). Toy cells were first identified in blood of
healthy individuals and has been suggested that they are more differentiated compared with
Tem cells but not as fully differentiated as Tgy, cells (Fritsch RD et al., 2005; Okada R et al
2008.

Immunohistochemical staining of periodontitis tissues revealed the increase of
memory T cell clusters at the base of the periodontal pocket and scattered throughout the
gingiva, especially apically toward the advancing front of the lesion. Similar to healthy
gingiva, CD4" Try cells also comprised the major subset in recirculating and gingiva-resident
memory T cell populations. Interestingly, we detected a significant increase in the
proportion of CD4" CD69'CD103 gingiva-resident memory T cells in periodontitis tissues
compared with healthy gingiva. This increase could result from a selective expansion of
CD4'CD69'CD103’ gingiva-resident memory T cells that preexist in healthy gingiva.
Alternatively, the expansion of these cells may result from the preexisting CD4'CD69 CD103
memory T cells combined with some of recirculating CD4'CD69 CD103 memory T cells that
become activated and express CD69 during the course of disease (CD69 expression in this
case, represents an early T cell activation marker).

cbg’ memory T cells isolated from periodontitis tissues produced either IL-17 or IFN-Y
while CD8" memory T cells produced only IFN-Y These findings agree with recent
observations suggesting that the major source of IL-17 in periodontitis is cog’ memory T cells
(Dutzan N et al., 2016). CD103" memory T cells express higher levels of cytokines compared
with CD103 memory T cells (Park and Kupper, 2015). In this study, we did not observe the
differences in the magnitude of IL-17 and IFN-Y responses between CD4'CD103" and
CD4'CD103 memory T cells. However, CD8'CD103" memory T cells showed a significant
higher IFN-Y response compared with CD8'CD103’ memory T cells.

Due to technical limitations, the number of T cells isolated from healthy gingiva was too
low which limited cytokine investigation. However, data from single healthy tissue sample
showed that memory T cells produced both IL-17 and IFN-Y, similar to those from
periodontitis tissues (Supplementary Fig. 1). Our observations confirm recent studies
describing that cog’ memory T cells from healthy gingiva produced IL-17 and IFN-Y (Dutzan
N et al,, 2016; 2017).

The role of IL-17 and IFN-Y in pathogenesis of periodontitis has been well described.
IL-17 has been detected in periodontitis and is responsible for tissue damage and
inflammatory bone loss (Eskan MA et al, 2012; Moutsopoulos NM et al., 2014). High

expression of IFN-Y has been consistently detected in human periodontitis tissues (Dutzan N

et al,, 2009; Chen Xt et al,, 2016). In mice that lack an IFN-Y response, the animals develop
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less gingival tissue damage and bone loss following A. actinomycetemcomitans infection
(Garlet GP et al., 2008).

Several evidences also point out tissue-protective and immune regulatory functions

of IL-17 and IFN-Y in maintaining immune homeostasis. IL-17 stimulates antimicrobial peptide
production by gut epithelial cells and maintain epithelial cell tight junctions at steady state

(Weaver CT et al, 2013). IL-17 also promotes PMN migration across epithelium via IL-17-
mediated IL-8 production (Takahashi N et al., 2011). The role of IFN-Y in maintaining immune

homeostasis is less well described. A recent study suggests that IFN-Y regulates homeostasis

in healthy tissue by up-regulation of suppressor-of-cytokine-2 protein expressed by tissue

phagocytes (Nirschl CJ et al., 2017). Moreover, we previously described that IFN-Y induces
indoleamine 2, 3-dioxygenase production from gingival fibroblast cells (Mahanonda R et al,,

2008). This immune suppressing enzyme has been suggested to be a crucial mediator in

maintaining gut homeostasis (Ciorba MA, 2013). The ability of IFN-Y to upregulate adhesion
molecule VCAM-1 on endothelial cells (Schenkel JM et al.,, 2014) and ICAM-1 on gingival
fibroblasts (Mahanonda R et al., 2008) may be responsible for the recruitment and retention

of recirculating memory T cells observed in healthy gingiva. Collectively, these data suggest

that IL-17 and IFN-Y responses, especially at low levels may have a beneficial role in
supporting gingival tissue homeostasis and controlling tissue inflammation.

It should be pointed out that the current study was conducted using small sample
size, limiting conclusions to some degree Another limitation is that we did not determine the
frequency of regulatory T (Tgee) cells in healthy gingiva and periodontitis tissues. The function
of Tgee cells has been demonstrated to counter-balance inflammatory responses (Smigiel KS
et al, 2014). A better understanding of how Tge cells may be involved in immune
homeostasis and inflammation in human gingiva is required.

Classic notions regarding the crucial role of innate cells (junctional epithelium and
PMN) in maintaining gingiva health have been long held. Our findings reveal that memory T
cells may be involved in the healthy gingiva immune surveillance network and together with
the innate arm of immune defense could maintain a homeostatic relationship with
subgingival plague microbiome. Microbial imbalance could damage the epithelial barrier
allowing large amounts of bacteria and their antigens to gain access to the connective tissue.
These antigens provoke uncontrolled T cell activation and cytokine production leading to
tissue damage and bone loss. Further investigation to characterize memory T cell antigen
specificity, the role of subgingival plaque bacteria, and specific tissue signals that promote
the localization of recirculating and gingiva-resident memory T cells will provide additional

insights into how the gingival immune response operates in health and disease.
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One-sentence summary: Our findings suggest
that recirculating and gingiva-resident memory
T cells could represent an important part of

the immune surveillance network in the gin-
gival connective tissue, maintaining immune
homeostasis.

Periodontitis involves a shift from a well-regulated immune
homeostasis at a steady state to an environment that is driven
by uncontrolled chronic immune responses leading to tis-
sue damage and bone loss.! At steady state, the junctional
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Abstract

Background: In the gingival sulcus, effective and balanced innate and adaptive
immune responses against subgingival plaque microbiome are crucial to maintain
immune homeostasis. In this study, we investigated the memory T cell subsets in

healthy gingiva and periodontitis tissues.

Methods: Anatomical localization of T cells (CD3%, CD4", and CD8™") in healthy
gingiva and periodontitis tissues were examined immunohistochemically. Subsets of
memory T cells from isolated gingival cells were analyzed by flow cytometry using
a cocktail of monoclonal antibodies (anti-CD69, anti-CD103, anti-CD45RA, anti-
CCRY7, anti-CD28, and anti-CD95). Intracellular cytokine staining of interleukin (IL)-
17 and interferon (IFN)-y expression on memory T cells in periodontitis tissues was

also investigated.

Results: We found that healthy gingiva contains two memory T cell popula-
tions; a CD69~ recirculating population and a CD69' gingiva-resident mem-
ory T cell population. CD4" T cells with transitional memory (Tpy;) phenotype
(CD45RA~CCR7-CD28tCD95%) constitute the major subset within these two pop-
ulations. A significant increase in the proportion of CD4*CD69*CD103~ memory
T cells was observed in periodontitis tissues compared with healthy gingiva. CD4"
memory T cells from periodontitis tissues produced either IL-17 or IFN-y whereas
CD8" memory T cells produced only TFN-y.

Conclusions: Our findings suggest that recirculating and gingiva-resident memory T
cells could represent an important part of the immune surveillance network in the con-
nective tissue, maintaining periodontal homeostasis. Imbalance of subgingival bac-
terial communities could damage gingival barrier allowing bacterial antigens to get
access to the deeper connective tissue where they activate memory T cells leading to

deleterious inflammation; a hallmark of periodontitis.

KEYWORDS

gingiva, homeostasis, interleukin-17, memory, periodontitis, T-lymphocytes

epithelium is exposed to the dental plaque microbiome con-
tinually growing on the tooth surface.” Effective and bal-
anced innate and adaptive immune responses at this site are
crucial in maintaining immune homeostasis.> The first line

J Periodontol. 2018:00:1-10.
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of defense depends on junctional epithelium integrity and
its ability to control plaque bacteria growth via constant
production of antimicrobial peptides.>* The epithelium also
secretes chemokines and cytokines including interleukin (IL)-
8, IL-1p, and tumor necrosis factor (TNF)-a that upregulate
adhesion molecules and recruit specific subsets of immune
cells to the tissue site.” The other hallmark phenomenon
involves the constant migration of polymorphonuclear neu-
trophils (PMNs) from blood vessels in the connective tis-
sue and selectively migrate across the junctional epithelium
into the gingival sulcus.” PMNs perform antibacterial func-
tions including phagocytosis, antimicrobial peptide produc-
tion, and neutrophil extracellular trap formation.® Antigen
presenting cells including Langerhans cells, tissue dendritic
cells, and macrophages have also been demonstrated to have
immune regulatory function in maintaining homeostasis.”~'"
These well-controlled immune responses in healthy gingiva
suppress the plaque bacteria and do not cause overt tissue
pathology.? Unlike gut, gingiva does not have mucosal lym-
phoid tissues. However, a small number of B and T cells have
been observed in healthy gingiva.!! We recently described
memory B cells residing in the connective tissue subjacent to
the junctional epithelium in healthy gingiva suggesting that
these cells may be involved in maintaining periodontal tissue
wellbeing.!?

Although the presence of T cells in healthy gingiva has
been described, their memory phenotypic markers have not
been clearly defined. Significant progress has been made dur-
ing the past fifteen years in understanding the complexity of
memory T cells, their trafficking and homing, transcriptional
profile, and functions.'® Different subsets of memory T cells
include stem memory (Tgcy,), central memory (Tcy,), tran-
sitional memory (Ty), effector memory (Tg)) and terminal
effector memory (Tpg) T cells.!?

Tgcpm and Tpyy cells have been recently identified. Tqoy
cells have stem cell-like characteristics with their capac-
ity to self-renew and also to generate more differentiated
progeny from antigen stimulation.'* It has been suggested that
the Tgcp cells play an important role in immune-mediated
disease.!> Ty cells were first identified in blood of healthy
individuals and has been suggested that they are more differ-
entiated compared with Ty cells but not as fully differenti-
ated as Tpy, cells.!®!”

A unique subset of memory T cells permanently resides
in non-lymphoid tissue termed tissue-resident memory (Try)
cells. CD69 is a key marker of Tyy; while CD103 expression is
found on a subset of CD8* and not CD4+ Ty, cells.'®!? C-
type lectin CD69 inhibits sphingosine-1-phosphate receptor
1, leading to tissue retention,?%-2! whereas CD103 promotes
cell adherence to E-cadherin expressed on tissue epithelial
cells.’> CD69" memory T cells have been commonly used
to define tissue-resident population, whereas CD69~ mem-
ory T cells represent a recirculating population.* CD69*

Trym cells consist of a core gene signature such as upreg-
ulation of chemokine receptor CXCR6 and also activation-
induced molecules IL-2, IL-10, and PD-1 that can regu-
late proliferation.'® Because of their strategic location in the
mucosal tissues, CD69" Ty cells have been shown to play a
role in both protection and disease.!%->3-20

A better understanding of memory T cells in periodon-
tal health and disease could provide new insights into how
these memory T cell subsets play a role in maintaining home-
ostasis and inducing destructive inflammatory responses. The
purpose of this study was to characterize the composition of
memory T cells in both healthy gingiva and periodontitis tis-
sues. Our findings demonstrate that healthy gingiva-memory
T cells comprise two populations; CD69~ recirculating and
CD69" gingiva-resident memory T cells. Effective immune
response to keep homeostatic relationship with the dental
plaque microbiome at the strategic area of the healthy gingival
sulcus may partially rely on these memory T cells.

1| MATERIALS AND METHODS

1.1 | Reagents

For flow cytometric analysis, monoclonal antibodies (mAbs)
against the following proteins were used: CD3 (SK7),*
CD4 (RPA-T4)," CD8 (RPA-T8),” CD 28 (CD28.2),"
CD95 (DX2),” CD45RA (5H9),” CCR7 (150503)," CD69
(FN50),” CD103 (Ber-ACTS8)," IFN-y (B27)," and IL-17A
(eBio64CAP17)." For immunohistochemistry analysis, mAbs
against the following proteins were used: CD3 (A0452),* CD4
(EPR6855) and CD103 (EPR4166(2)),% and CDS8 (1A5).1

1.2 | Ethics statement

Ethical approval was obtained from the Ethics Committee
Faculty of Dentistry, Chulalongkorn University (HREC-DCU
2013-016). Written informed consent of all participants was
obtained prior to inclusion in the study.

1.3 | Patients and gingival tissue specimens

Forty-one Thai participants at the Periodontal Clinic and
Oral Maxillofacial Surgery Clinic, Faculty of Dentistry,
Chulalongkorn University were recruited between July
2015 and July 2017 (see supplementary Table 1 in online
Journal of Periodontology). All participants were in good
general health, non-smokers, non-diabetes, and had not taken
antimicrobial or anti-inflammatory drugs within the past 3

*BD Biosciences, San Jose, CA.
 eBioscience, San Diego, CA.
fDAKO, Glostrup, Denmark.

§ Abcams, Cambridge, U.K.

1 Leica Biosystems, Newcastle, U.K.
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months. Twenty-four participants (14 males and 10 females,
aged 30 to 77 years; mean age: 53.25 + 2.31 years) were
classified as chronic severe periodontitis according to the
International Workshop (1999)?7 (see supplementary Table
1 in online Journal of Periodontology). Periodontitis tissue
specimens were collected from sites of extracted teeth with
hopeless prognosis.?® Periodontitis sites showed bleeding on
probing, probing depth > 6 mm, severe clinical attachment
loss, and bone loss > 60% of the root, thus indicating inad-
equate attachment to maintain the tooth (see supplementary
Table 2 in online Journal of Periodontology). Seventeen
participants (seven males and 10 females, aged 17 to 66
years; mean age: 43.41 + 4.71 years) had healthy gingiva
with no sign of gingival inflammation (no bleeding on
probing), probing depth < 4 mm and no clinical attach-
ment loss (see supplementary Table 2 in online Journal of
Periodontology). Healthy tissue specimens were collected
during crown-lengthening procedure for prosthetic or
orthodontic reasons. From each participant, a gingival tissue
specimen was obtained from one selected site according to
and prepared for either flow cytometric or immunohisto-
chemical analysis. Each tissue specimen was approximately
0.2t0 0.4 cm x 0.2 cm in size.

1.4 | Immunohistochemistry

Gingival tissues from healthy (n = 7) and periodontitis
patients (n = 11), one sample per patient, were fixed in 10%
buffered formalin for a maximum of 24 hours and subse-
quently embedded in paraffin. Microtome serial paraffin sec-
tions (4 ym in thickness) were cut from the central part of each
specimen in a plane parallel to the long axis of the teeth and
oriented so that the pocket epithelium or the sulcular epithe-
lium, oral epithelium, and connective tissues were present in
the same section. The sections were mounted on a glass slide.
Sections were deparaffinized. To inhibit endogenous peroxi-
dase, the sections were incubated in 0.3% hydrogen peroxide
solution for 20 minutes and heated in 1 mM EDTA pH 8.0 at
95°C for 20 minutes for antigen retrieval.

To identify CD3*, CD4", and CDS8* cells, staining
was performed on the sections via polymer/HRP and
DAB™chromogen system.* The samples were stained with the
designated primary antibodies followed by Polymer/HRP, and
then counterstained with hematoxylin.

1.5 | Gingival cell preparation

Gingival tissues were washed three to four times in Roswell
Park Memorial Institute (RPMI) 1640 medium and cut into
small fragments (1 to 2 mm?). The fragments were incubated
in medium that contained 2 mg/mL collagenase type [.* After
90 minutes incubation (37°C), residual tissue fragments were

*Gibco, Grand Island, NY.

Periodontology

disaggregated by gentle flushing, until single-cell suspensions
were obtained. These cells were filtered through a 70-pm
mesh size filter and then used for flow cytometry analysis and
cytokine study.

1.6 | Flow cytometric analysis of memory T
cell subsets

Cells from healthy gingiva (n = 9) and periodontitis tis-
sues (n = 4) were stained with mAbs against CD3,
CD4, CDS8, CD28, CD95, CD45RA, and CCR7. Staining
with the antibody cocktail containing antibodies specific to
CD45RA, CCR7, CD28, and CD95, enabled us to simul-
taneously identify naive and five subsets of memory T
cells.!? T cells expressing CD45RA+*CCR7+CD28+CD95~
were defined as naive T cells. Phenotypic markers of
memory T cell subsets were characterized as follows:1)
CD45RATCCR7TCD28+tCD95% cells were Tycy cells, 2)
CD45RA-CCR7tCD28*CD95% cells were Tgy, cells, 3)
CD45RA™CCR7-CD28+*CD95" cells were Ty cells, 4)
CD45RA™CCR7-CD28~CD95* cells were Ty, cells, and 5)
CD45RATCCR7-CD28~CD95™ cells were Ty cells.

To identify Tgy cell markers; CD69 and CD103 cells
were stained with mAbs against CD3, CD4, CDS8, CD69,
and CD103. CD69~ memory T cells were characterized
as recirculating memory T cells, while CD69% memory T
cells were characterized as gingiva-resident memory T cells.
Flow cytometry analysis was performed using 12-color flow
cytometry."¥

1.7 | Intracellular staining analysis of IL-17
and IFN-y

Single-cell suspensions obtained from gingival tissues
were stimulated with Staphylococcal enterotoxin (SEB)S
(4 ug/mL) and gingival cells cultured in medium served as
negative control. After 2 hours of stimulation, Golgiplug”
was added to inhibit cytokine secretion and the cell cultures
were further incubated overnight. The cells were washed and
stained with a panel of antibodies including anti-CD3, anti-
CD4, anti-CD8, and anti-CD103 mAbs. The stained cells
were fixed/permeabilized” and intracellular cytokines were
stained with mAbs against IL-17 and IFN-y. Finally, stained
cells were analyzed by a 12-color flow cytometer.**

1.8 | Statistical analysis

The data were analyzed using a statistical analysis
program.”™" Results were shown as mean + SEM. Compar-
isons of one variable between two groups were analyzed

T FACSCelesta, BD Biosciences, San Jose, CA.
# Sigma-Aldrich, St. Louis, MO.
§ SPSS 22.0 for Windows, SPSS, Chicago, IL.
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Ccb3* CcD3* cD4* cDg*

FIGURE 1 Anatomical compartmental location of T cells in
healthy gingiva. Representative immunostaining of CD3*, CD4*, and
CD8* T cells from seven different healthy individuals. Black arrows indi-
cate CD3" T cells. Red arrows indicate capillary in the connective tissue.
Scale bars = 100 ym

using the Mann-Whitney U test. Comparisons between two
variables in one group were analyzed using the Wilcoxon
signed-rank test. Two-tailed P values < 0.05 were considered
statistically significant.

2 | RESULTS

2.1 | Human memory T cells in healthy gingiva

Immunohistochemical staining was used to investigate the
presence and anatomical location of T cells in healthy gin-
giva. Figure 1 showed that CD3" T cells formed clusters close
to capillary opening, scattered throughout connective tissue.
Some were detected in the epithelial layer. Dense CD3* T
cell clusters were consistently observed at the bottom of the
healthy gingival sulcus adjacent to the junctional epithelium.
CD4*t and CD8* T cells were also detected in the same
locations (see supplementary Figure 1 in online Journal of
Periodontology).

Most of the T cells isolated from healthy gingiva were
memory T cells (see supplementary Figure 2A in online Jour-
nal of Periodontology). The proportion of naive T cells was
negligible (< 0.5%) suggesting no blood contamination (data
not shown). The percentage of CD4" memory T cells in
healthy gingiva was consistently higher compared with CD8*
memory T cells (61.52% + 1.47% versus 38.48% + 1.47%,
P < 0.001, (see supplementary Figure 2B in online Jour-
nal of Periodontology). We next analyzed the expression of
CD69 and CD103, surface markers commonly used to identify
Try cells. T cells expressing CD69 were defined as gingiva-
resident memory T cells whereas those not expressing CD69
were defined as recirculating memory T cells. Healthy gin-
giva contained both CD69~ recirculating memory T cells
(56.26% + 4.31%) and CD69" gingiva-resident memory T
cells (43.74% + 4.31%; P = 0.203) (Figure 2A). Most of
CD69~ and CD69" memory T cell populations were CD4*

cells and were CD103 negative (CD4tCD69~CD103™ T cell
frequency = 34.21% + 3.17%; CD4TCD69tCD103™ T cell
frequency = 26.68% =+ 2.96%). Only a small proportion of
memory T cells expressed CD103, which was mostly detected
on CD8* T cells.

We next characterized the composition of the mem-
ory T cell subsets; Tsoys Toms Toms Tems and Trg
cells in the recirculating and gingiva-resident memory
T cell populations. Figure 2B showed that CD45RA™
CCR7-CD28*CD95% Ty cells (73.17% + 3.71%) and
CD45RA~ CCR7TCD287CD95" Tgy, cells (22.17% =+
3.13%) composed the majority of CD4+*CD69-CD103~
recirculating memory T cells. The percentages of Tgcy,
Tgm, and Trg cells were negligible (0.1% to 2%). Within
the CD8*CD69~ CDI103™ recirculating memory T cells,
the Tpy cells comprised 48.42% + 4.43%, followed by
CD45RA-CCR7-CD28~CD95" Tgy (29.10% + 4.53%),
CD45RATCCR7-CD28 CD95% Trg (11.53% 2.43%),
CD45RATCCR7CD28*CD95% Ty (5.73% + 0.99%),
and Tgy cells (5.16% + 0.62%). The proportion of
CD69~CD103* recirculating population was minimal and
their memory T cell subset compositions was similar to those
in the CD69~CD103~ recirculating population (Figure 2C).

The composition of the memory T cell subsets of the
CD69" gingiva-resident memory T cells was evaluated. Ty,
and Tcy, cells made up 77.55% + 1.87% and 19.72% +
2.03%, respectively, of the CD4T*CD69*CD103~ gingiva-
resident memory T cells. The percentages of Tgcyy, Tpy. and
Trpg cells were negligible (0.14% to 2.15%). Analysis of the
CD8TCD69tCDI103~ gingiva-resident memory T cells indi-
cated that the Ty cells constituted 60.73% + 3.69%, followed
by Trg (22.82% +3.71%), Ty (6.21% + 1.23%), Ty (5.39%
+ 1.44%) and Tqcy, cells (4.85% + 1.01%) (Figure 2D).

Only a small population of the CD69% gingiva-resident T
cells expressed CD103. In the CD4TCD69"CD103" gingiva-
resident memory T cells, most were Ty cells (83.14%),
followed by Tcy (13.39% + 2.00%), Tgy (3.169% =+
2.15%), and Tgcpy cells (0.05% =+ 0.04%). Among the
CD8*CD69*CD103* gingiva-resident memory T cells, the
majority were Ty cells (68.01% =+ 4.18%), followed by Ty,
(15.60% + 3.41%), Trg (10.17% + 2.32%), Ty (5.53% +
1.2%), and Tgcy cells (0.69% + 0.27%) (Figure 2E).

Taken together, the data suggest that CD4™ recirculating
memory T cells and CD4* gingiva-resident memory T cells
with Tpy; cell phenotype represent the majority of T cell
subsets in healthy gingiva.

+
*

2.2 | Increased accumulation of memory T
cells in periodontitis tissues

Immunohistochemical staining of periodontitis tissues
showed an increase of CD3" T cells at the base of the peri-
odontal pocket area and scattered throughout the connective
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FIGURE 2 Composition of memory T cell subsets in healthy gingiva. (A) Percentage distribution of CD69~ recirculating memory T cells and

CD69* gingiva-resident memory T cells. Means + SEM of n = 9 are shown. The composition of memory T cell subsets; Tgcyg, Tens Trys Tey> and
Ty cells in (B) CD4*CD69~CD103~ and CD8+*CD69-CD103~, (C) CD4+*CD69-CD103* and CD8*CD69-CD103", (D) CD4*CD69*CD103~ and
CD8*CD69"CD103", (E) CD4*CD69"CD103* and CD8*CD69*CD103". Each data point represents the value of an individual sample and means

+ SEM are shown (n =9)

tissue, especially apically toward the advancing front of the
lesion. Increased CD3* T cells in the epithelial layer were not
observed (Figure 3). Numerous CD4" and CD8* T cells were
also detected in the connective tissue (see supplementary
Figure 3 in online Journal of Periodontology). Similar to
healthy gingiva, most of the T cells isolated from peri-
odontitis tissues were memory T cells (see supplementary
Figure 2C in online Journal of Periodontology) and a higher
proportion of CD4" compared with CD8" (65.03% + 5.24%
versus 34.97% + 5.24%; P < 0.05) memory T cells was
observed (see supplementary Figure 2D in online Journal of
Periodontology).

Interestingly, the proportion of CD4*CD69-CD103~
recirculating memory T cells was significantly lower in peri-
odontitis tissues compared with healthy gingiva (32.40% +

3.03% versus 22.33% + 2.54%; P = 0.037). In contrast we

observed an increased proportion of CD4TCD69tCD103~
gingiva-resident memory T cells compared with healthy gin-
giva (36.85% =+ 3.22% versus 24.11% + 2.70%; P = 0.017)

(Figure 4A and Figure 2A).

CcD3* cD3* CDa* cps*

FIGURE 3 Anatomical compartmental location of T cells in peri-
odontitis tissue. Representative immunostaining of CD3*, CD4*, and
CD8* T cells from 11 different periodontitis patients. Black arrows indi-
cate CD3* T cells. Red arrows indicate capillary in the connective tissue.
Scale bars = 100 yum

The composition of the memory T cell subsets; Tgcy,
Tcems Trms Tems and Trg cells in periodontitis tissues were
similar to those in healthy gingiva. CD4" and CD8% Ty
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cells (67.40% to 91.91%) constituted the major subset in both
recirculating and gingiva-resident memory T cell populations
(Figures 4B through 4E).

Large numbers of infiltrated T cells together with
the increased proportion of CD4TCD69TCD103~ gingiva-
resident memory T cells in periodontitis tissues may suggest
the possible role in pathogenesis of this memory T cell subset.

2.3 | IL-17 and IFN-y responses from memory
T cells isolated from periodontitis tissues

The small number of T cells that could be isolated from
healthy gingiva limited the study of IL-17 and IFN-y
responses. Cytokine responses from T cells derived from peri-
odontitis tissues are shown in Figure 5A. Memory T cells pro-
duced both IL-17 and IFN-y. CD4" memory T cells predomi-
nant produced IL-17 alone (frequency = 1.88% + 0.52%) and
IFN-y alone (frequency = 3.42% + 1.82%). The frequency of
CD4" T cells that produced IL-17 plus IFN-y was negligible.

Unlike CD4% memory T cells, CD8* memory T cells mostly
produced IFN-y alone (frequency = 8.51% + 1.41%).

Measurement of IL-17 and IFN-y production in recir-
culating versus gingiva-resident memory T cells based on
CD69 expression was not possible because in vitro stimula-
tion with SEB leads to CD69 expression on most T cells.?
We next compared the cytokine response between the mem-
ory T cell CD103" and CD103~ subsets. We found that the
frequency of CD4tCD103" memory T cells that produced
IFN-y was 4.4-fold higher than that of CD4*CD103~ mem-
ory T cells however, the differences did not reach statisti-
cal significance (12.87% + 4.82% versus 2.92% + 1.55%;
P = 0.06) (Figure 5B). The frequency of IL-17 producing
cells between CD4*CD103* and CD4+*CD103~ memory T
cells was similar (1.49% + 0.25% versus 1.92% + 0.51%).
A significant difference in the frequency of IFN-y producing
cells between CD8+*CD103* and CD8*CD 103~ memory T
cells was observed (11.40% =+ 1.02% versus 7.56% + 1.07%;
P =0.029).
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IL-17 has been shown to be an important mediator in
causing bone loss.*® Our findings that CD4"memory T cells
are the major source of IL-17 suggest that these cells are
potentially involved in pathogenesis of periodontitis.

3 | DISCUSSION

The role of memory T cells, especially Ty cells in health
and disease has received a lot of attention lately.'®->3>-2% There
have been a few reports on T cells in healthy gingiva.’!-33
Using immunohistochemical staining and flow cytometry, we
showed that, like other human mucosal tissues, most T cells
isolated from healthy gingiva had a memory phenotype. The
two major populations of these memory T cells are recir-
culating and gingiva-resident memory T cells, characterized
by the expression of CD69, a well-known Ty, retention
marker. Gingival memory T cells formed clusters scattered
in the connective tissue, preferentially subjacent to the junc-
tional epithelium, a strategic area vulnerable to subgingival
plaque microbiome. Our findings highlight the possible role
of memory T cells in the healthy gingiva immune surveillance
network.

CD4*" memory T cells with a Tpy; cell phenotype were
the major subset in both CD69~ recirculating and CD69*
gingiva-resident memory T cells. CD8" memory T cells in
healthy gingiva represented a minority subset and had Ty,
cell phenotype. These results were different from other studies
showing that tissue T cells had a Ty, cell phenotype.*3* Res-
ident T cells with Tgy; cell phenotype were also reported in
healthy gingiva.?* These discrepancies may result from using
different cell surface markers for memory T cell phenotype
identification. While most studies used CD45RA~CCR7~
to define the Tgy,; cell phenotype, we included two addi-
tional markers, anti-CD28 and anti-CD95 mAbs in the
antibody cocktail, allowing subset differentiation between
Ty cells (CD45RA™CCR7-CD28YCD95%) and Tgy cells
(CD45RA~CCR7~-CD28~CD95+). Tty cells were first iden-
tified in blood of healthy individuals and has been suggested
that they are more differentiated compared with Ty, cells
but not as fully differentiated as Ty, cells.'®!” The role of
Tt cells in protection and disease has been poorly described.
Recent data suggest that CD4" Ty, cells could serve as a
reservoir of latent HIV infection.?® Further study is needed to
better understand the role of CD4% Ty, cells in periodontal
health and disease.

Immunohistochemical staining of periodontitis tissues
revealed the increase of memory T cell clusters at the base of
the periodontal pocket and scattered throughout the gingiva,
especially apically toward the advancing front of the lesion.
Similar to healthy gingiva, CD4% Ty cells also comprised
the major subset in recirculating and gingiva-resident
memory T cell populations. Interestingly, we detected a

significant increase in the proportion of
CD4*CD69*CD103~ gingiva-resident memory T cells
in periodontitis tissues compared with healthy gingiva.
This increase could result from a selective expansion
of CD4TCD69tCDI103~ gingiva-resident memory T
cells that pre-exist in healthy gingiva. Alternatively, the
expansion of these cells may result from the pre-existing
CD4*tCD69tCD103~ memory T cells combined with some
of the recirculating CD4t*CD69~ CD103~ memory T cells
that become activated and express CD69 during the course of
disease (CD69 expression in this case, represents an early T
cell activation marker). One could speculate that the increase
of CD4*CD69*CD103™~ gingiva-resident memory T cells
could play a role in pathogenesis of periodontitis.

CD4* memory T cells isolated from periodontitis tissues
produced either IL-17 or IFN-y while CD8" memory T cells
produced only IFN-y. These findings agree with recent obser-
vations suggesting that the major source of IL-17 in periodon-
titis is CD4" memory T cells.’*> CD103* memory T cells
express higher levels of cytokines compared with CD103~
memory T cells.?® In this study, we did not observe the differ-
ences in the magnitude of IL-17 and IFN-y responses between
CD47CD103* and CD4*CD103~ memory T cells. However,
CD8"CD103* memory T cells showed a significant higher
IFN-y response compared with CD8*CD103~ memory T
cells.

Because of technical limitations, the number of T cells iso-
lated from healthy gingiva was too low which limited cytokine
investigation. However, data from single healthy tissue sam-
ples showed that memory T cells produced both IL-17 and
IFN-y, similar to those from periodontitis tissues (see sup-
plementary Figure 4 in online Journal of Periodontology).
Our observations confirm recent studies describing that CD4*
memory T cells from healthy gingiva produced IL-17 and
IFN-)/.33‘37

The role of IL-17 and IFN-y in pathogenesis of peri-
odontitis has been investigated. IL-17 has been detected in
periodontitis and is responsible for tissue damage and inflam-
matory bone loss.’*® High expression of IFN-y has been
consistently detected in human periodontitis tissues.**" In
mice that lack an IFN-y response, the animals develop less
gingival tissue damage and bone loss following Aggregatibac-
ter actinomycetemcomitans infection.*!

Several evidences also point out tissue-protective and
immune regulatory functions of IL-17 and IFN-y in main-
taining immune homeostasis. IL-17 stimulates antimicrobial
peptide production by gut epithelial cells and maintain epithe-
lial cell tight junctions at steady state.*’ IL-17 also pro-
motes PMN migration across epithelium via IL-17- medi-
ated IL-8 production.*> The role of IFN-y in maintaining
immune homeostasis is less well described. A recent study
suggests that IFN-y regulates homeostasis in healthy tissue
by upregulation of suppressor-of-cytokine-2 (SOCS2) protein
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expressed by tissue phagocytes.** Moreover, we previously
described that IFN-y induces indoleamine 2, 3-dioxygenase
production from gingival fibroblast cells.*> This immune sup-
pressing enzyme has been suggested to be a crucial media-
tor in maintaining gut homeostasis.*® The ability of IFN-y to
upregulate adhesion molecule VCAM-1 on endothelial cells*’
and ICAM-1 on gingival fibroblasts*> may be responsible for
the recruitment and retention of recirculating memory T cells
observed in healthy gingiva. Collectively, these data suggest
that IL-17 and IFN-y responses, especially at low levels may
have a beneficial role in supporting gingival tissue homeosta-
sis and controlling tissue inflammation.

It should be pointed out that the current study was con-
ducted using small sample size, limiting conclusions to some
degree. Another limitation is that we did not determine the
frequency of regulatory T (Trgg) cells in healthy gingiva and
periodontitis tissues. The function of Tyrgg cells has been
demonstrated to counterbalance inflammatory responses.*$ A
better understanding of how Trpg cells may be involved in
immune homeostasis and inflammation in human gingiva is
required.

4 | CONCLUSIONS

Classic notions regarding the crucial role of innate cells (junc-
tional epithelium and PMN) in maintaining gingiva health
have been long held. Our findings reveal that memory T cells
may be involved in the healthy gingiva immune surveillance
network and together with the innate arm of immune defense
could maintain a homeostatic relationship with subgingival
plaque microbiome. Microbial imbalance could damage the
epithelial barrier allowing large amounts of bacteria and their
antigens to gain access to the connective tissue. These anti-
gens could provoke uncontrolled T cell activation leading to
the increase of CD4TCD69TCD103~ gingiva-resident mem-
ory T cells. Cytokine production from this subset of memory
T cells may be responsible for tissue damage and bone loss
in periodontitis. Further investigation to characterize mem-
ory T cell antigen specificity, the role of subgingival plaque
bacteria, and specific tissue signals that promote the local-
ization of recirculating and gingiva-resident memory T cells
will provide additional insights into how the gingival immune
response operates in health and disease.
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The presence of inflammatory infiltrates with B cells, specifically plasma cells, is the hallmark of periodontitis lesions. The com-
position of these infiltrates in various stages of homeostasis and disease development is not well documented. Human tissue biopsies
from sites with gingival health (n = 29), gingivitis (n = 8), and periodontitis (n = 21) as well as gingival tissue after treated
periodontitis (z = 6) were obtained and analyzed for their composition of B cell subsets. Ag specificity, Ig secretion, and expression
of receptor activator of NF-kB ligand and granzyme B were performed. Although most of the B cell subsets in healthy gingiva and
gingivitis tissues were CD19*CD27"CD38~ memory B cells, the major B cell component in periodontitis was CD19*CD27*CD38"*
CD138"HLA-DR'"" plasma cells, not plasmablasts. Plasma cell aggregates were observed at the base of the periodontal pocket and
scattered throughout the gingiva, especially apically toward the advancing front of the lesion. High expression of CXCL12, a
proliferation-inducing ligand, B cell-activating factor, IL-10, IL-6, and IL-21 molecules involved in local B cell responses was
detected in both gingivitis and periodontitis tissues. Periodontitis tissue plasma cells mainly secreted IgG specific to periodontal
pathogens and also expressed receptor activator of NF-kB ligand, a bone resorption cytokine. Memory B cells resided in the
connective tissue subjacent to the junctional epithelium in healthy gingiva. This suggested a role of memory B cells in maintaining

periodontal homeostasis. The Journal of Immunology, 2016, 197: 715-725.

periodontitis as the sixth-most prevalent disease in the
world, affecting 11.2% worldwide (1).

Chronic periodontitis is an advanced form of periodontal dis-
eases and represents a chronic inflammation of tooth-supporting
structures. It is characterized by gingival inflammation (red-
ness, swelling, and bleeding) and loss of connective tissue at-
tachment to the tooth that may result in resorption of the alveolar
bone. Thus, an advanced stage of periodontitis may eventually
lead to tooth loss. The precursor stage of periodontitis is limited
to the marginal gingival region and is called gingivitis. It is

T he Global Burden of Disease Study (2010) ranked severe
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characterized by gingival inflammation without the loss of at-
tachment and alveolar bone.

In the 1960s to 70s, the etiologic role of dental plaque in
periodontal diseases was firmly established. In the same period, an
intense effort was made to understand periodontal immunopa-
thogenesis, which involves the interplay between the dental plaque
biofilm and the host response.

Classical human experimental gingivitis (2, 3) and experimental
periodontitis (4) studies in animal models outlined changes in mi-
crobial plaque and tissue immunopathology during the transition
from periodontal health to gingivitis and, later on, to periodontitis.
Increases in the Gram-positive bacterial species in supragingival
plaque biofilms such as Streptococcus and Actinomyces species were
observed concomitant with the development of a T cell-dominated
gingivitis infiltrate. The presence of Gram-negative bacterial species
in subgingival plaque biofilms such as Porphyromonas gingivalis,
Aggregatibacter actinomycetemcomitans, Tanerella forsythia, and
Treponema denticola was later associated with the development of
plasma cell-dominated periodontitis lesions (5, 6).

The T cell response to the presence of periodontal pathogens is
considered to play a key role in the regulation of periodontal
pathogenesis. It has been speculated that a Th2 response was as-
sociated with periodontitis, whereas Th1 responses are associated
with gingivitis (7). However, such a hypothesis remains contro-
versial. More recently, other Th subsets, including regulatory Th
cells and Th17 cells, have been demonstrated in periodontal tis-
sues, of which an inverse relationship between these two cell types
could be established (8). Whereas Th17 cells promote periodontal
inflammation and tissue destruction (9), T regulatory cells are
implicated in guard against periodontitis progression (10).

To date, emphasis has been placed on the T cell response in
controlling local immunity and causing chronic periodontal tissue
destruction. However, the role of the B cell response in periodontal
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homeostasis or disease development has not been thoroughly
studied. Since 1965, it has been known that Ig-producing plasma
cells predominated the periodontitis lesions (11). B cells and
plasma cells outnumbered T cells, when gingivitis progressed to
periodontitis (5). However, detailed profiles of B cell subsets,
including naive B cells, memory B cells, and Ab-secreting cells
(ASCs), had not yet been investigated systematically in peri-
odontal tissues of various healthy or diseased conditions.

Human B cell subsets may now be identified phenotypically
based on the expression of different surface markers, such as CD19,
CD20, CD27, CD38, and CD138 (12, 13). A pan B cell marker,
CD19, is expressed in all B cell subsets, whereas CD20 is
downregulated, when memory B cells differentiate into ASCs
(14). CD27, a member of the TNFR family, which induces dif-
ferentiation and promotes survival (15), is expressed on the ma-
jority of memory B cells (16). CD38 catalyzes the formation of
cyclic ADP-ribose and NADP and regulates Ca* signaling in
lymphoid cells (17). Both CD27 and CD38 are highly expressed
on ASCs. CD138, a heparin sulfate proteoglycan, also known as
syndecan-1, is generally used as a plasma cell marker (18).

The purpose of this study was to identify different B cell
subsets in clinically healthy and diseased periodontal tissues.
Moreover, the morphological compartmental localization of the
cells and hence their possible role in disease development were
to be explored.

Materials and Methods

Reagents

Medium for gingival cell culture. The gingival cells were cultured in
complete medium consisting of RPMI 1640 supplemented with nones-
sential amino acids, 2 mM /-glutamine, 1 mM sodium pyruvate, 100 pg/ml
penicillin, 100 pg/ml streptomycin (Life Technologies Laboratories,
Grand Island, NY), and 10 pg/ml 2-ME, supplemented with 10% FCS
(Hyclone).

Abs. Abs were used against the following proteins for flow cytometry: CD3
(SK7), CD19 (4G7), CD27 (M-T271), CD38 (HIT2), CD138 (MI15),
HLA-DR (L243), and granzyme B (GB11) from BD Biosciences; receptor
activator of NF-kB ligand (RANKL; MIH24) from BioLegend. Abs were
used against the following proteins for immunohistochemistry analysis:
CD20 (L26) and CD27 (137B4) from Abcam; CD138 (MI15) and pe-
ripheral node addressin (PNAd; MECA-79) from BioLegend; follicular
dendritic cells (CNA.2) from eBioscience; ICAM-1 (23G12) from Thermo
Scientific; and CD62L (B-8) from Santa Cruz Biotechnology.

Ethics statement

The ethical approval was obtained from the Ethics Committee of Faculty
of Dentistry, Chulalongkorn University (HREC-DCU 2013-016). Written
informed consent of all participating subjects was obtained prior to in-
clusion in the study.

Periodontal tissue specimens and peripheral blood collection

Periodontal tissues and heparinized peripheral blood samples were obtained
from patients with severe chronic periodontitis and gingivitis and sub-
jects with clinically healthy gingiva. These specimens were collected
from patients at Periodontal Clinic and Oral Maxillofacial Surgery Clinic,
Faculty of Dentistry, Chulalongkorn University (Bangkok, Thailand).
Each patient had at least 16 remaining teeth with no history of peri-
odontal treatment for the past 6 mo. Subjects with clinically healthy gingiva
showed no sign of gingival inflammation (no bleeding on probing, probing
depth <4 mm) and no clinical attachment loss or bone loss. Healthy
gingival tissue specimens were collected during crown-lengthening pro-
cedure for prosthetic or orthodontic reasons. Gingivitis tissue specimens
were collected from inflamed sites (bleeding on probing, but no clinical
attachment or bone loss) of extracted tooth due to tooth malposition,
crowding, or pericoronitis. Periodontitis tissue specimens were collected
from sites of extracted teeth irrational to treat (bleeding on probing,
probing pocket depth >6 mm, and bone loss >60% of the root). After
periodontal treatment of scaling and root planing in four subjects with
severe chronic periodontitis, treated tissue specimens (negligible sign of
marginal gingival inflammation, but advanced clinical attachment loss and
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bone loss >60% of the root) were collected from teeth extracted as being
judged irrational to treat. All subjects were in good general health, and
none of them had taken antimicrobial or anti-inflammatory drugs within
the previous 3 mo.

The excised tissues were immediately placed in sterile tubes that contain
RPMI 1640 medium. Three milliliters of peripheral blood was collected.
The samples were transferred to the laboratory within a few hours for the
study.

Gingival cell preparation

The method for obtaining single-cell suspensions from gingival tissues was
modified from the method that was described by Mahanonda et al. (19).
Briefly, the tissues were washed in RPMI 1640 medium and cut into small
fragments (1-2 mm®). The fragments were incubated in medium that
contained 2 mg/ml collagenase type I (Life Technologies). After 90-min
incubation (37°C), residual tissue fragments were disaggregated by gentle
flushing, until single-cell suspensions were obtained. These cells were
filtered through filter (mesh size 70 wm).

Flow cytometric analysis of B cell subsets

To characterize the profiles of B cell subsets (naive B cells, memory B cells,
ASCs) in isolated gingival cell suspension form, periodontal tissues and
heparinized whole blood were stained with mouse anti-human CD19
(FITC), CD27 (PE), CD3 (PerCP), and CD38 (allophycocyanin) mAbs at
4°C for 30 min, whereas whole blood was stained at room temperature for
30 min. Naive B cells, memory B cells, and ASCs were characterized as
CD19"CD27"CD38", CD19*CD27°CD38", and CD19*CD27*CD38",
respectively. The stained gingival cells were washed with stain buffer (BD
Biosciences). The stained cells were treated with RBC lysing solution for
10 min at room temperature in the dark, washed, and then fixed with 1%
paraformaldehyde. Analysis of flow cytometry samples was performed by
four-color flow cytometry (FACSCalibur; BD Biosciences).

Differential expression between plasmablasts and plasma cells was used
to investigate ASC subsets. Unlike plasmablasts and memory B cells,
plasma cells express very low level of MHC class I (HLA-DR) (20-22) and
also express CD138 (a well-known marker for plasma cell) (18, 23-25).

To identify surface IgG and IgA on memory B cells, gingival cell
suspension form periodontal healthy tissues were stained with mouse anti-
human IgG (PE) or IgA1/IgA2 (PerCP) mAbs. IgG memory B cells and IgA
memory B cells were characterized as CD19*CD27"CD38 IgG" and
CD19*CD27°CD38 IgA1/IgA2*, respectively.

Immunohistochemistry

The excised periodontal tissues were immediately washed in normal saline
solution. For paraffin-embedded sections, they were fixed in 10% buffered
formalin for a maximum of 24 h and subsequently embedded in paraffin.
Microtome serial 4-pm-thick sections were cut and mounted on glass
slides. Sections were deparaffinized. To inhibit endogenous peroxidase,
they were incubated with 0.3% hydrogen peroxide solution for 20 min, and
heated in 1 mM EDTA (pH 8.0) at 95°C for 20 min for Ag retrieval.

For identifying local plasma cells, single immunohistochemical staining
was performed via polymer/HRP and diaminobenzidine (DAB)" chroma-
gen system (DAKO EnVisionTM G/2 Doublestain System) on the sections.
They were stained with primary mouse anti-human CDI138 or isotype
control. Counterstaining was done with hematoxylin. They were investi-
gated under light microscope. To identify gingiva memory B cells, double
immunohistochemical staining with mAbs to CD20 and CD27 was per-
formed via polymer/HRP and DAB* chromagen system on the sections.
Expression of PNAd and ICAM-1 on gingival blood vessel endothelial
cells, tissue staining with mAbs to PNAd, and ICAM-1 was performed via
polymer/HRP and DAB™ chromagen system on the sections.

ELISPOT assay

To characterize Ag-specific Ab production, the frequency of Ag-specific
ASCs from periodontal tissues was measured by ELISPOT assay. Briefly,
Multiscreen 96-well filtration plates (Millipore) was coated with a variety
of soluble bacterial Ags. These included key periodontal pathogens, as
follows: 1) P. gingivalis ATCC33277; 2) A. actinomycetemcomitans Y4; 3)
commensal plaque bacteria: Streptococcus gordonii DL-1 (from E. Yoshimura,
Department of Microbiology, School of Dentistry, Aichi Gakuin University,
Nagoya, Japan); and 4) self-tissue: type I collagen (Sigma-Aldrich) over-
night at 4°C in a humidified chamber. Keyhole limpet hemocyanin was
used as a negative control.

The plate was washed twice with Dulbecco PBS (DPBS; Life Tech-
nologies) and blocked with DPBS containing 10% FBS for 1 h at 37°C.
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After being washed twice with DPBS, gingival mononuclear cells were
added and incubated overnight at 37°C. After that, the plate was washed
three times with PBS and another three times with PBS with 0.05%
Tween 20 (PBST). Goat anti-human IgG or IgA biotin conjugated (KPL)
was added into the plate. After 2 h of incubation at 37°C, the plate was
washed four times with PBST, and streptavidin-alkaline phosphatase
was added to the plate at a 1:1000 dilution and incubated for 1 h at 37°C.
Then the plate was washed three times with PBST and another three times
with PBS; after that a substrate (5-bromo-4-chloro-3-indolyl phosphate/
NBT; Sigma-Aldrich) was added to allow spots to develop for 5-15 min,
and then spots were counted by using an ELISPOT reader (Cellular
Technologies).

To investigate the ability to secrete IgG and IgA of the memory B cells,
the gingival cell suspension from periodontal healthy tissue was activated
with TLR7/8, R848 (Resiquimod; Innovagen), and human rIL-2 (R&D
Systems) for 6 d in 37°C, 5% CO,. After 6 d of incubation, IgG- and IgA-
secreting cells were detected by ELISPOT assay, as described above for
plasma cells.

Real-time RT-PCR

To study the role of local tissue mediators in B cell response, total RNA
from periodontal tissue samples was isolated by using an RNeasy mini kit
from Qiagen. One microgram of DNase I-treated total RNA was reverse
transcribed using ImProm-II Reverse Transcription System for RT-PCR
(Promega). The cDNA was then divided and used for PCR amplification
of chemokines and survival factors for B cell responses. Real-time RT-
PCR assays were performed on LightCycler System 480 (Roche Molecular
Diagnostics) using SYBR Green PCR Master Mix (Roche Molecular Di-
agnostics). CXCL12, a proliferation-inducing ligand (APRIL), B cell-ac-
tivating factor (BAFF), IL-10, IL-6, IL-21, and GAPDH were amplified
using specific primers purchased from Operon. The PCR conditions have
been described previously (26-29), and the primer sequences are shown as
follows: CXCLI12 (5'-ATGCCCATGCCGATTCTT-3'/5'-GCCGGGCTA-
CAATCTGAAGG-3"), APRIL (5'-AGAGTCTCCCGGAGCAGAGTT-3'/
5'-CTGGTTGCCACATCACCTCTGT-3"), BAFF (5'-TGAAACACCAA-
CCTATACAAAAAG-3'/5'-TCAATTCATCCCCAAAGACAT-3"), IL-10
(5'-GGCGCTGTCATCGATTTCTT-3'/5'-TGGAGCTTATTAAAGGCA-
TTCTTCA-3"), IL-6 (5§'-CCTGAACCTTCCAAAGATGG-3'/5'-AC-
CAGGCAAGTCTCCTCATT-3'), IL-21 (5'-TGTGAATGACTTGGTCC-
CTGAA-3'/5'-ACCAGGAAAAAGCTGACCACTCA-3"), and GAPDH (5'-
GAAGGCTGGGGCTCATTT-3'/5'-CAGGAGGCATTGCTGATGAT-3").
Amplification conditions, sequences, and concentrations of the primers
were similar to those of RT-PCR. After 45 reaction cycles, the melting
curve analysis was performed at 95°C for 5 s, 65°C for 1 min, and heating
to 97°C using a ramp rate of 0.11°C/s with continuous monitoring of
fluorescence. The melting peak generated represented the specific am-
plified product. All samples had only a single peak, indicating a pure
product and no primer/dimer formation. Amplicons of a single band with
the expected sizes were also confirmed in all reactions by agarose gel
electrophoresis. The amplification efficiencies were high (close to 100%)
when multiple standard curves were performed using serial mRNA di-
lutions.

For periodontal tissue specimens, the relative mRNA expression was
normalized to corresponding GAPDH for each sample, using the formula =
274CT where ACT = Cr—genex — Cr—cgappn. The relative quantification
of mRNA expression in periodontitis tissues was presented as the mean
fold increase = SEM, using the mean value obtained from the healthy
tissue as a reference (relative quantification = 1).

Intracellular staining analysis of plasma cell: RANKL and
granzyme B

To investigate the expression of RANKL and granzyme B in plasma cells,
gingival cells were first stained for surface-expressing molecules with anti-
human CD19, CD27, and CD38 mAbs at 4°C for 30 min. The stained
gingival cells were washed with stain buffer and then fixed and per-
meabilized with BD Cytofix/Cytoperm kit (BD Biosciences) on ice for 20
min and washed with BD Perm/Wash buffer (BD Biosciences). The cells
were then suspended in BD Perm/Wash buffer, and anti-human RANKL or
anti-human granzyme B or isotype control mAbs were added. After an-
other 30 min of incubation on ice, cells were washed and then fixed with
1% paraformaldehyde. Analysis of flow cytometry samples was performed
by four-color flow cytometry, FACSCalibur.

Statistical analysis

Results were expressed as mean = SEM. Comparisons between multiple
clinical groups were analyzed using the Kruskal-Wallis test by rank, and
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post hoc comparisons were made using the Mann—Whitney U test with
Bonferroni’s correction. Comparisons between multiple B cell subsets
within each clinical group were analyzed using the Friedman test by rank,
and post hoc comparisons were made using the Wilcoxon signed-rank test
with Bonferroni’s correction. Comparisons between two variables in one
group were analyzed using Wilcoxon signed-rank test. In cases in which
data were normalized to healthy control, a one-sample Wilcoxon signed-
rank test was used with an expected value of 1. Comparisons of one var-
iable between two groups were analyzed using the Mann—Whitney U test.
Two-tailed p values <0.05 were considered statistically significant (SPSS
version 22.0).

Results
Phenotypic characterization of B cell subsets in gingival
tissues

A mixture of mAbs consisting of anti-CD19, anti-CD27, and anti-
CD38 was employed to identify different subsets of B cells in
gingival tissues from clinically healthy gingiva, gingivitis, and
periodontitis. Naive B cells were characterized as CD19"CD27 "~
CD38", memory B cells were characterized as CD19*CD27"
CD38™, and ASCs as CD19*CD27*CD38", respectively. Flow
cytometry analysis of periodontal tissues showed very few naive
B cells (<8%) in all stages of healthy or diseased tissues.

Memory B cells represented the majority in the CD19* B cell
population (86.59% = 1.29) in the clinically healthy gingiva and
in gingivitis tissues (85.90% = 2.67). In periodontitis tissues,
however, the density of memory B cells was 37.67% = 3.39. The
difference in the density of memory B cells in healthy and gin-
givitis tissues compared with periodontitis tissue was statistically
significant (p < 0.01, Kruskal-Wallis test by rank, and post hoc
comparisons by Mann—Whitney U test with Bonferroni’s correc-
tion).

In periodontitis tissue, ASCs were the major cell type in the
CD19" B cell population (58.44% = 3.79). The mean percentage
of ASCs was significantly higher than that of memory B cells (p <
0.01, Friedman test by rank, and post hoc comparisons by Wil-
coxon signed-rank test with Bonferroni’s correction) (Fig. 1A). In
contrast, in the healthy and the gingivitis tissues, the mean per-
centage of memory B cells was significantly higher than the mean
percentage of ASCs (6.64% = 1.19; 6.34% = 1.98, respectively).

Unlike in gingival tissues, there were no differences in peripheral
blood B cell subsets between the healthy or diseased stages. In
contrast to the gingival tissues, peripheral blood-naive B cells
represented a major population (>64 and 65% in healthy and
periodontitis patients, respectively) in CD19* B cell population,
followed by memory B cells (34 and 33% in healthy and peri-
odontitis patients, respectively), and very small proportions of
ASCs (2.1 and 2.0% in healthy and periodontitis patients, re-
spectively) (Fig. 1B).

In addition, gingival tissues from periodontitis patients (n = 6)
who received initial periodontal treatment of scaling and root
planing (removal of biofilms) and who were scheduled for some
tooth extractions were analyzed. As depicted in Fig. 1C, the ma-
jority of B cell subsets at treated sites represented high proportions
of memory B cells similar to those of clinically healthy gingiva
and gingivitis tissues.

Memory B cells in clinically healthy gingiva

Because high proportions of CD19*CD27"CD38  memory B cells
among the CD19" B cell population were identified in clinically
healthy gingiva (Fig. 1A), the anatomical compartmental location
of this specific population in histological sections was investi-
gated. Because CD19 staining in formaldehyde-fixed, paraffin-
embedded tissues was not successful in our experiments, mAbs
against CD20 and CD27 were used to identify memory B cells. A

/T0Z ‘ST YoLe N uo 1s9nb Aq /6.0 jounwi i [-mamm//:diy wioJy papeojumoq


http://www.jimmunol.org/

718

B CELL SUBSETS IN HUMAN PERIODONTAL TISSUES

A Periodontal tissue
g: g 100 * X [] naive B cells
23 E :‘; 80 - [l memory B cells
3 v g Il AsCs
i i 2 : 60 -
0 ﬁ? +0 80 200100 paive B cells ASCs w=
FSC " T =39
L : 8m 407
- o m +
2 -2 -] ]
o - e 20
b o
= . 0 E
R ol i a] ) Healthy Gingivitis Periodontitis
cb3 09 10 CIGDZ'.""ﬂ 10 (n =29) (n=8) (n=21)
memory B cells
B Perlpheral blood C Periodontal tissue
T — after treatment
Q é - 100 .S 100
“3 2 =%
HE £% 801 S 80
H @S oo
o w0 C %0 199 najve B cells ASCs E g 60 1 = - 2 2 60
TH o2 S w
T — ¥ a2 % * -3
2% o 3 8 407 3o 40
Ew; s A o m @ .
Qi o~ @5 20 == 20
e % B N
-y 5 5] o
3 e uI); pr g R0 '0|C|‘J°;7ﬂ Toé 0 Healthy =y p—” 0" n=6)
memory B cells imc2d) (n=13)
FIGURE 1. B cell subsets in gingival tissues and peripheral blood. Cells were extracted from (A) tissue specimens of clinically healthy gingiva (n = 29),

gingivitis (n = 8), and periodontitis (n = 21), and (B) peripheral blood from subjects with clinically healthy gingiva (n = 21) and periodontitis (n = 13). (C)
Treated periodontal tissues after scaling and root planing (n = 6). Naive B cells, memory B cells, and ASCs were classified as CD19"CD27 CD38~, CD19*
CD27*CD38", and CD19*CD27*CD38", respectively. Data shown are mean = SEM. *p < 0.01 Wilcoxon signed-rank test with Bonferroni’s correction.

cluster of CD20"CD27* memory B cells in clinically healthy
gingiva was detected in the connective tissue subjacent to the
apical region of the junctional epithelium (Fig. 2A). A represen-
tative flow cytometry histogram in Fig. 2B demonstrates that
gingival memory B cells from clinically healthy human gingiva
also expressed surface IgG and IgA, thus confirming their char-
acteristics of memory B cells. Moreover, it was explored whether
these gingival tissue-memory B cells could be differentiated
in vitro into ASCs. Upon polyclonal B cell activation with TLR7/8
(R848) and IL-2, these cells transformed into IgG and IgA ASCs,
as assessed by ELISPOT assay (Fig. 2C). A significantly higher
frequency of IgG spot-forming cells (SFCs) was observed when
compared with IgA-SFCs (n = 3, p < 0.05, Wilcoxon signed-
rank test). It should be pointed out that endothelial cells of the
blood vessels in the connective tissue subjacent to the junc-
tional epithelium of healthy gingiva expressed peripheral node
addressin (PNAd") and ICAM-1" (Fig. 3). Inducible PNAd
and ICAM-1 are known to bind with lymphocyte endothelial
cell adhesion molecule-1 and LFA-1, respectively, on B cells
(30, 31).

Phenotypic characterization of ASC subsets in periodontal
tissues

CD19"CD27"CD38" ASCs consist of two subsets: plasmablasts
and plasma cells (20, 32). Unlike plasmablasts, plasma cells ex-
press very low level of HLA-DR (20, 33, 34) as compared with
memory B cells. The levels of HLA-DR expression were then
used to differentiate the two subpopulations of ASCs in peri-
odontal tissues. It was found that ASCs in periodontitis tissues
expressed ~7-fold lower levels of HLA-DR (mean fluorescence
intensity [MFI] 37.62 = 7.54, n = 10) than memory B cells (mean

MFI 271.19 = 33.06, n = 10, p < 0.05, Wilcoxon signed-rank
test) (Fig. 4A). These CD19*CD27*CD38*HLA-DR"" cells were
also positive for CD138 (syndecan-1), a well-known plasma cell
marker (35) (Fig. 4A). Memory B cells were in very low levels for
the CD138 expression. In contrast, circulating ASCs in peripheral
blood showed a high expression level of HLA-DR (mean MFI was
229.47 * 31.46, n =5), a phenotypic marker of plasmablasts (data
not shown).

Subsequently, the anatomical compartmental location of plasma
cells in periodontal tissues was examined by immunostaining
using anti-CD138 Ab. Paraffin-embedded sections prepared from
gingival tissue specimens were obtained from clinically healthy
gingiva, gingivitis, and periodontitis (Fig. 4B-D). Anti-CD138 Ab
is known to react not only with plasma cells, but also with gingival
epithelium (36). An abundance of CD138" plasma cells was ob-
served in periodontitis tissues as compared with gingivitis and
clinically healthy gingiva. Plasma cells were arranged in clusters
that were detected at the base of the periodontal pocket area and
scattered throughout the gingival connective tissue, especially
apically toward the advancing front of the lesion (Fig. 4D). Small
numbers of plasma cells were identified in gingivitis and, to a
much lesser extent, in clinically healthy gingiva (Fig. 4B, 4C). A
few smaller clusters of plasma cells were detected in the con-
nective tissue subjacent to the junctional epithelium of gingivitis
tissue, whereas they were loosely scattered through the gingival
connective tissue in healthy tissues (Fig. 4B).

Molecules involved in B cell responses in periodontal tissues

The expressions of CXCL12, BAFF, APRIL, IL-10, IL-6, and IL-
21 molecules that are involved in B cell recruitment, survival, and
differentiation (37) were assessed in periodontal tissues. The
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FIGURE 2. Anatomical compartmental location and characterization of memory B cell in clinically healthy gingival tissue. (A) Representative
immunostaining of memory B cells from three different healthy individuals. Memory B cells were identified as CD20"CD27* B cells. (B) Representative of
surface expression of IgG and IgA on CD19*CD27" memory B cells by flow cytometry from three different healthy individuals. Data shown are mean =+
SEM. (C) Representative of IgG and IgA ELISPOT assay and the frequency of SFC after stimulation with R848 and IL-2 from three different healthy
individuals. Data shown are mean = SEM (*p < 0.05, Wilcoxon signed-rank test). Scale bars, 200 pwm.
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FIGURE 3. Expression of PNAd and ICAM-1
in clinically healthy gingiva. Representative
immunostaining of endothelial PNAd (A) and
ICAM-1 (B) in the connective tissue subjacent to
the junctional epithelium from three different
healthy subjects. Scale bars, 40 pm.

relative quantification expressed as fold change for each studied
molecule is shown in Fig. 5. Although mRNA expression for
CXCL12, APRIL, BAFF, IL-10, IL-6, and IL-21 was detected
in all tissue specimens of clinically healthy gingiva, gingivitis,
and periodontitis, a significant overexpression of IL-21 was
detected in periodontitis tissues compared with clinically healthy
gingiva (34-fold, p < 0.01, one-sample Wilcoxon signed-rank
test). Similarly, CXCLI12 (4-fold), APRIL (3-fold), BAFF (4-fold),
and IL-10 (3.8-fold) were significantly overexpressed in peri-
odontitis tissues when compared with healthy gingiva (p < 0.01,
one-sample Wilcoxon signed-rank test). In addition, a significant
overexpression of CXCL12 (9-fold) and IL-6 (21-fold) was de-
tected in gingivitis tissues compared with healthy gingiva (p <
0.01, one-sample Wilcoxon signed-rank test). Even though gin-
givitis tissues highly expressed IL-21 expression (23-fold), no
significant difference was found, and this may be due to a large
variation in each sample. Moreover, there were no significant
differences between periodontitis and gingivitis in all expressions
(p > 0.05, Mann—Whitney U test).

B CELL SUBSETS IN HUMAN PERIODONTAL TISSUES

Ag specificity and expression of RANKL and granzyme B of
plasma cells in periodontitis tissues

Ag specificity of plasma cells in periodontitis tissues was evaluated
using ELISPOT assays. Fig. 6A shows SFCs specific to P. gingi-
valis, A. actinomycetemcomitans, S. gordonii, and collagen type 1
in representative ELISPOT analyses. Plasma cells producing IgG
and IgA to P. gingivalis soluble Ags in all five tissue specimens
were consistently detected (Fig. 6B). The frequency of P. gingi-
valis-specific plasma cells producing IgG isotype (mean SFCs =
4532 * 1908/10° input mononuclear immune cells; p < 0.05,
Wilcoxon signed-rank test) was significantly higher compared
with IgA isotype (mean SECs = 842 * 753/10° input mononuclear
immune cells). Plasma cells producing IgG isotype specific fo A.
actinomycetemcomitans soluble Ags were detected in three of five
specimens with mean frequencies of 78 * 63/10° input mononuclear
immune cells. A. actinomycetemcomitans-specific plasma cells pro-
ducing IgA isotype were not detected (under assay sensitivity). The
presence of plasma cells specific to commensal bacteria, S. gordonii,
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FIGURE 4. Phenotypic and anatomical location of ASCs in gingival tissues. (A) Flow cytometric analysis of HLA-DR and CD138 expression on ASCs isolated
from periodontitis tissues (n = 10). Black line in histograms represents isotype control, and red and blue lines represent memory B cells and ASCs, respectively. Data
are representative of 10 different individuals in each clinical group. Immunostaining of CD138* plasma cells in tissue specimens from (B) clinically healthy gingiva
(n =7) (C), gingivitis (n = 3), and (D) periodontitis (n = 11). Data are representative of different individuals in each clinical group. Scale bars, 100 pwm.

and collagen type 1 was immeasurable. Keyhole limpet hemocyanin To further extend the analysis of the possible role of periodon-
protein-coated well was used as a negative control. Negligible num- titis plasma cells in the pathogenesis process, the expression of
bers of SFCs in the keyhole limpet hemocyanin controls were con- RANKL, a key molecule in bone-resorbing activity, was assessed

sistently detected, suggesting a high specificity of the assay system. (38). RANKL could be expressed as a preform intracellular and
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FIGURE 5. mRNA expression of molecules involved in B cell responses in gingival tissues. Tissue specimens from clinically healthy gingiva (n = 10),
gingivitis (n = 7), and periodontitis (n = 10) were used for real-time RT-PCR for CXCL12, BAFF, APRIL, IL-10, IL-6, and IL-21 expression. The relative
quantification of mRNA for each molecule in periodontitis tissues and gingivitis was obtained considering the normalized expression in clinically healthy
gingiva as reference (relative quantification = 1). One tissue specimen per experiment and each specimen derived from different individuals. Data shown are
mean = SEM. *p < 0.01, compared with healthy group, one-sample Wilcoxon signed-rank test.

cell surface protein (39). As shown in Fig. 6C, both cell surface
and intracellular RANKL were detected on periodontitis plasma
cells. The cell surface expression of RANKL was modest and
consistently lower than that of the intracellular RANKL (n = 3).
Moreover, the intracellular expression of granzyme B, a molecule
that can degrade extracellular matrix (40), was measured with no
detectable expression.

Discussion

The present study has identified various subsets of B cells in human
periodontal tissues obtained from clinically healthy, gingivitis, and
periodontitis sites. Moreover, gingival biopsies were analyzed from
patients that had suffered from periodontitis and were subsequently
treated for the disease. This resulted in a resolution of the disease
characteristics. Hence, the presence of various subsets of B cells
could be clearly studied and their localization within the mar-
ginal gingival tissues enumerated in various conditions ranging
from clinical health to periodontitis and reversed to treated peri-
odontitis.

The most intriguing findings in the current study were the
identification of CD19*CD27" memory B cells in human clinically
healthy gingiva. Unlike tissue-resident memory T cells, very little
is known about memory B cells residing in human nonlymphoid
tissues. The evidence is limited to a few reports of tissue memory
B cells in healthy nonlymphoid tissues in animals, such as in the
lung of mice after influenza infection (41). Other studies described
the presence of B cells within adventitia of normal aortas in mice
(42). Up to date, only one report dealt with the presence of
memory B cells in normal human skin (43).

The observed memory B cells in human clinically healthy
gingiva preferentially resided in the connective tissue subjacent to
the junctional epithelium. In this vicinity, PNAd" and ICAM-1*
were detected on blood vessels, suggesting a local low-grade in-
flammatory response due to constant challenge of the bacterial
biofilm in the sulcular area. One could speculate that endothelial
PNAd and ICAM-1 may be responsible for a sustained recruitment
of memory B cells in clinically healthy gingiva. This memory
B cell trafficking may take place along with the well-documented
polymorphonuclear cell emigration, a well-recognized phenome-
non in a clinically healthy sulcus (44, 45). Such gingival memory
B cells were obviously functional, as they were able to secrete IgG
and IgA after in vitro polyclonal stimulation in the current study.
However, questions remain still unanswered about their role in the
homeostasis of clinically healthy gingiva. For instance: 1) how did
these memory B cells emigrate from the blood circulation and
reside subjacent to the junctional epithelium; 2) what was the Ag
specificity of these memory B cells; 3) did they, at a later stage,
differentiate into Ab-secreting plasma cells that were found in
large numbers in periodontitis; and 4) is there a role of these

memory B cells in first line of defense to maintain gingival ho-
meostasis?

Massive infiltrated B cells and plasma cells have been recognized
in inflamed tissues of advanced periodontitis (46—48). Although
such features have been deep rooted in the vision of periodontitis
pathogenesis, current knowledge of B cell responses in the dis-
eased tissues has been limited. In the current study, previous re-
ports of the dominance of B cells in periodontitis lesions (49, 50)
have been confirmed. Owing to the fact that ASCs in periodontitis
tissues expressed ~7-fold lower levels of HLA-DR than memory
B cells, it must be assumed that the observed majority of the ASCs
in diseased tissues were actually plasma cells (CD19*CD27*
CD38*CD138"HLA-DR!®"), rather than plasmablasts (CD19*
CD27*CD38*CD138 HLA-DR""). Aggregates of plasma cells
were found at the base of the periodontal pockets and scattered
in periodontal connective tissue of marginal gingiva, especially
apically toward the advancing front of the lesion. Unlike in
periodontitis lesions, significant proportions of memory B cells
(CD19*CD27"CD387) were detected in both clinically healthy
gingiva and gingivitis tissues. Yet, very low numbers of naive
B cells (CD19*CD27 CD38") were enumerated in all clinical
tissue specimens without any statistically significant differences. It
remains unclear whether the observed naive B cells come from
blood contamination or represent cells that truly reside in the
tissue. The B cell subsets in gingival tissues obviously differ from
those in peripheral blood of corresponding subjects. In the pe-
ripheral blood, two thirds of the B cells belonged to the subset of
naive B cells. It should be pointed out that the number of follicular
Th cells (CD4*PD-1*CXCR3*CXCR5"), which are critical for
germinal center formation, was negligible in periodontitis tissue
(data not shown). The data are in line with previous study, which
argues against the formation of germinal center in periodontitis
tissue by showing the lack of reticular organization by follicular
dendritic cells (50).

Periodontal therapy for patients with periodontitis involving
scaling and root planing (removal of the plaque biofilm) resulted in
areversal shift of the tissue B cell profile resembling closely that of
the B cell response in clinically healthy and gingivitis tissues.
Again, the majority of the B cells were memory B cells, and not
plasma cells. These findings documented that the bacterial plaque
biofilm was responsible for the induction of local B cell response in
periodontitis tissues.

High expression of known molecules involved in B cell response
was detected in diseased tissues. Among all expressions, IL-21 was
the highest in gingivitis and periodontitis lesions. IL-21 has a
variety of actions that influence on B cell response and its destiny
(51). The major source of IL-21 is follicular Th cells (52) and
Th17 cells (53). Very low numbers of CD4"PD1*CXCRS5" fol-
licular Th cells were identified in the periodontitis tissues in the
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current study (<1%, n = 4, data not shown). This suggests that
IL-21 may be derived from other cell types such as Th17 cells.
Recent studies demonstrated the presence of Thl7 cytokine in
periodontitis tissues (9, 54). However, the ability of this T cell
subset in producing IL-21 in periodontitis requires further inves-
tigation. Despite the high expression of IL-21 in gingivitis, plasma
cell numbers were low compared with the periodontitis lesion. It is
well established that IL-21 induces greater plasma cell differen-
tiation in the presence of CD40 signaling (55). It may be specu-
lated that large infiltration of activated T cells expressing CD40L
in periodontitis, but not in gingivitis, may increase CD40 signaling
on B cells, leading to enhancement of plasma cell differentiation.

Periodontitis tissue plasma cells in all specimens secreted Abs
specific to P. gingivalis and, to a lesser extent, to A. actino-
mycetemcomitans. No commensal S. gordonii-specific Ab or tis-
sue collagen type 1-specific Ab was detected. The data of the
current study confirm those of earlier studies for the presence of
different Ig isotypes specific for key pathogens in periodontitis
tissue (56, 57). The presence of a large infiltrate of plasma cells
and with constitutive high levels of Abs specific to pathogens does
not seem to eliminate pathogens and hence stop the progression of
disease. One explanation may be the nature of the plaque biofilm
that made the biofilm more resistant to Ab-mediated protection.
Staphylococcus epidermidis within the biofilm was found to be
more resistant to opsonic killing mediated by Ab compared with a
planktonic form of S. epidermidis (58).

It should be pointed out that the possible deposition of large Ag—
Ab complexes may activate the complement classical pathway and
neutrophils, resulting in periodontal tissue destruction (59). De-
posits of Igs, complements, and the formation of immune com-
plexes in inflamed human gingiva are involved in the acute phase
of periodontal destruction in rats (60).

Recently, it has been shown that most CD20* B cells in peri-
odontitis lesions express RANKL (61). However, it is unclear
whether those cells are plasma cells or memory B cells. In the
current study, it has been shown that CD19"CD27*CD38" plasma
cells, the major B cell component in periodontitis tissues, ex-
pressed RANKL. Moreover, gut plasma cells in patients with in-
flammatory bowel disease were demonstrated to be positive for
granzyme B (62). However, no granzyme B—positive plasma cells
were detected in periodontitis tissues.

In conclusion, the current study detected large proportions of
memory B cells residing subjacent to the junctional epithelium in
clinically healthy gingiva and gingivitis. Unlike tissue-resident
memory T cells, the understanding of human B cell immunol-
ogy in tissues has been very limited. Moreover, the presence of
numerous plasma cells in periodontitis tissue and, to a much lesser
extent, in gingivitis and clinically healthy gingiva was confirmed
in the current study. These periodontitis plasma cells secreted IgG
and IgA to P. gingivalis and A. actinomycetemcomitans and also
expressed bone-resorbing cytokine, RANKL. Gingival tissues
from both healthy and diseased sites obtained during dental pro-
cedures represent invaluable samples to study local human B cell
immunology. Furthermore, the role of these cells in homeostasis
and disease development of periodontal tissue may serve as a
model for studying other chronic inflammatory diseases.
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Tissue Distribution of Memory T and B Cells in Rhesus
Monkeys following Influenza A Infection

Sathit Pichyangkul,* Kosol Yongvanitchit,* Amporn Limsalakpetch,* Utaiwan Kum-Arb,*
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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. The Journal of Immunology, 2015, 195: 4378-4386.

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.

8T0Z ‘v'T aunr uo 1sanb Aq /610" jounwiw i [-mmmy/:dny wouy papeojumod


mailto:sathitp@afrims.org
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1501702/-/DCSupplemental
http://www.jimmunol.org/site/misc/authorchoice.xhtml
http://www.jimmunol.org/

The Journal of Immunology

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

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

) |nﬂu|er1t;a . mﬂu?n'za Control group (n=4)
inoculation inoculation Young adult (n=8)

l l Infected group— o (=)

0 28 42-51 77-86
Days H—t+—+— t —t—t— + + t 1

2 4 7 14 30 32 35
! ! | |
Nasopharyngeal Nasopharyngeal . -
swab swab 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
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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 Tgy; 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
Tru 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 Tgy
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

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 Try 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-Tgy 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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