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SUMMARY

Since enteric microbial composition is a distinctive and stable individual trait, microbial
heterogeneity may confer lifelong, non-genetic differences between individuals. Here we report
that C57BL/6 mice bearing RF microbiota, a distinct but diverse resident enteric microbial
community, are numerically and functionally deficient in marginal zone (MZ) B cells.
Surprisingly, MZ B cell levels are minimally affected by germ-free conditions or null mutations of
various TLR signaling molecules. In contrast, MZ B cell depletion is exquisitely dependent on
cytolytic CD8* T cells, and includes targeting of a cross-reactive microbial/endogenous MHC
class 1B antigen. Thus, members of certain enteric microbial communities link with CD8* T cells
as a previously unappreciated mechanism that shapes innate immunity dependent on innate-like B
cells.

INTRODUCTION

The enteric microbial community is astonishingly abundant and diverse in composition
[1,2]. Acquired during infancy, typically of maternal origin, its composition becomes a
unique but stable trait of each individual throughout life [3]. Due to its abundance, diversity,
and unculturability, there is much to learn about the functionalities and impact of the enteric
microbial community on host biology. Since its composition is a distinguishing trait of each
individual, it represents a potentially important epigenetic factor that may shape each
individual’s physiology and disease susceptibility [4]. The immune system is predicted to be
a key target of these epigenetic forces, since it is highly specialized both for microbial
sensing and for alterations in these signals.
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The innate-like and adaptive arms of the immune system have emerged as a framework for
the cellular processes of microbial defense and immunoregulation [5], recently illustrated by
the reciprocal roles of dendritic cells in the composition of the enteric microbiota and its
contribution to colitis susceptibility [6]. Innate-like functions are associated with the MZ and
B-1 B cell subsets [7,8], which emerge from post-medullary stages of B cell differentiation.
Whereas conventional follicular mature (FM) B cells function in adaptive B lymphocyte
responses, marginal zone (MZ) and B-1a B cells function in early T-independent (TI) IgM
antibody responses, display elevated responsiveness through toll-like receptors (TLRs), and
have a limited capacity for immunologic memory [9].

The present study addresses the role of TLR responsiveness, and other modes of enteric
microbial sensing, on the levels of MZ B cells in the periphery. We report three observations
on the role of endogenous microbial flora in the fate of this B cell population. First, we
demonstrate that mice colonized with distinct communities of resident bacteria exhibit
striking defects in innate-like B cell populations in the spleen and body cavities (MZ and
B-1a B cells, respectively). Second, germ-free mice and genetic studies surprisingly indicate
that this phenotype is not due to the absence of enteric microbiota or their products. Third,
we show that the expanded memory CD8* T cells in RF mice dramatically deplete MZ B
cells through a cytolytic mechanism. Thus, MZ B cells are preserved in CD8—/— or perforin
(Prf1)—/— RF mice, and rapidly depleted in SPF mice transferred with CD8* T cells from
RF mice. Further evidence associates this B cell depletion with CD8* T cell targeting of
cells bearing Qa-1 and a conserved microbial heat shock peptide. Taken together, these
observations demonstrate a novel, CD8* T cell-dependent mechanism linking resident
microbiota with the level and function of innate-like effector B cells.

Altered intestinal microbiota inhibit the generation and function of mature B cells

To assess the role of complex resident microbial communities on B cell populations in vivo,
we compared two mouse colonies bearing stable but distinct microbial communities. The
two enteric microbial communities-termed for simplicity as RF and SPF- have been
extensively characterized by conventional microbiologic and molecular phylotyping, each
consisting of hundreds of phylotypes spanning the major bacterial and fungal taxa [10,11].
RF and SPF microbial communities display broad-based compositional differences from
species to family levels. For example, Firmicutes and Bacteroidetes phylotypes are
preferentially abundant in RF and SPF, respectively, a trait that also distinguishes enteric
microbial communities among humans [4]. The microbial composition is stable in
individuals and across generations in each colony, and may be conferred to new mouse
strains by Caesarian delivery of pups and transfer to adoptive mothers. Notably, functional
studies of RF mice reveal their resistance to immune colitis induced by Gai2 ™~ T cells
(Wei, et al., unpublished data) or CD4*CD45RBM mice [12].

When RF mice were compared to SPF mice for splenic B cell subpopulations, a selective 5-
fold reduction in the percentage of MZ B cells was observed (Fig. 1A-D). Using absolute
numbers, there was a 10-fold decrease in MZ B cells (Fig. 1E), and a 4-5 fold decrease in
FM and the MZ precursor subset, referred to as transitional type 2 marginal zone precursor
(T2-MZP) B cells [8, 13]. The more profound diminution by absolute numbers reflects the
parallel reduction of naive CD4* and CD8* T cells in RF mice [14]. In contrast, there was
no significant change in the percentage or absolute numbers of precursor transitional type 1
(T1) population (Fig. 1A, D, E). Consistent with these reductions of splenic B and T cell
populations in RF mice, the spleen size in RF mice was smaller than that in SPF mice (Fig.
1F). Additionally, immunofluorescence staining of splenic MZ B cells confirmed the
diminished MZ B cell population in RF mice (Fig. 1G). Thus, in SPF mice (left panel) an
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abundant layer of IlgMM cells (red) was observed in the marginal zone (immediately outside
the layer of marginal zone macrophage, denoted by blue staining with anti-MOMAL). In
contrast, RF mice (right panel) were almost entirely depleted for IgM" cells in the marginal
zone. As expected, a more modest reduction was seen in the size of B cell follicles (bearing
green IgD" and or yellow IgM*IgD* B cells) in RF mice.

In both mesenteric and peripheral (popliteal) lymph nodes, flow cytometric analysis
revealed a ~2-fold reduction in absolute numbers of CD19* B cells (data not shown),
indicating that the moderate reduction of splenic B2 B cells is also observed systemically.
Analysis of the peritoneal cavity cells (PEC) revealed that they were almost entirely of B-1
phenotype (CD11b*), and showed a dramatic loss of (CD11b*CD5*) B-1a cells in RF mice
(Fig. 1H-J). In summary, formation of both innate-like (MZ and B-1a) and adaptive (FM) B
cells in vivo were diminished by the distinct resident microbiota in RF mice.

The consequence of these B cell deficits in RF mice was assessed functionally. While
CD40-mediated proliferation was similar between SPF and RF mice, LPS-induced
proliferation was severely diminished in RF animals (Fig. 2A, B). MZ cells constitute the
main splenic B cell population responding to LPS and other TLR ligands (Suppl. Fig. 1).
Quantitatively, the decrement in the RF LPS response could be fully attributed to the
reduction in the RF MZ population. Similarly, the LPS-induced IL-10 secretion was also
severely diminished in RF animals (Fig. 2C), concordant with the diminution of MZ B cells.

Antigen-specific B cell immune responses were determined by serum ELISA, using binding
absorbance determined for 1:10 serum dilutions (a concentration yielding middle-range
absorbance for samples with any detectable binding activity). Therefore, these data should
be considered as relative binding, not linear measures of antibody binding concentration.
The T-independent (TNP-Ficoll) induction of IgM and 19G3 (Fig. 2D, E) was deficient in
RF mice, consistent with the role of MZ and B-1 B cells in this response and its protective
anti-bacterial correlates [15, 16]. Endogenous resident microbiota also affected T-dependent
adaptive B cell function, since RF mice were impaired in their T-dependent (TD) antibody
responses (Fig. 2F). Evaluation of purified splenic B cell sub-populations from RF mice
revealed that they preserved a normal per-cell BCR responses in vitro (data not shown). The
impaired TD response in vivo thus may be due to either the numerical B cell deficiency in
FM B cells, and/or functional abnormalities of CD4* and CD8" T cell populations in RF
mice that have been previously reported [14]. These in vitro and in vivo findings provide
functional confirmation for the selective deficit in MZ B cells in RF mice.

Microbiota in RF mice affects the formation of MZ B cells

The marked deficiency of innate-like B cells subsets in RF mice suggested either that SPF
microbiota are required for MZ B cell development, or that the formation of MZ B cells is
affected by microbiota in RF mice. To confirm the role of RF microbiota in MZ B cell
development, we tested the effects of both timing and route of bacteria delivery in
experiments designed to introduce SPF lumenal bacteria within RF mice. Mice were
analyzed at subsequent intervals to see if an alteration of intestinal microbiota could restore
the innate-like B cell compartment.

First, lumenal SPF bacteria were introduced into post-weaning (three weeks old) RF mice,
and recipient animals were analyzed at monthly intervals for up to six months. Post-weaning
exposure to SPF microbiota resulted in no restoration of MZ B cells and B-1a B cells. In
contrast, housing of pregnant RF mothers within an SPF animal facility (data not shown), or
transfer of SPF lumenal bacteria into RF pups beginning immediately after their birth, led to
significant expansion of the innate-like B cell compartment (Fig.3A). MZ B cells were
successfully restored in RF offspring, and these populations persisted into adulthood. These

Eur J Immunol. Author manuscript; available in PMC 2009 August 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wei et al.

Page 4

results suggest that an early window of exposure (neonatal, but not post-weaning) to specific
resident bacteria is crucial for the formation of MZ B cell formation.

It should be noted that not all offspring achieved full restoration of their MZ B cells (Fig.
3B) and B-1a B cells (data not shown). In view of this individual variability, we predicted
that antibiotic treatment might facilitate more efficient depletion of resident RF microbiota;
and thereby promote colonization by SPF derived flora. To test this idea, RF females and
males were treated with vancomycin for two weeks, and then bred with SPF male and
female under SPF husbandry conditions. Indeed, full restoration of the MZ B cell
compartment was achieved in all offspring using this approach (Fig. 3B). Using both
conventional bacterial culture and molecular phylotyping criteria [11], innate-like B cell
restoration correlated with a shift from RF to SPF enteric microbiota (data not shown).
These results suggest that RF microbiota affects the development of MZ B cells.

Limited effect of germ-free conditions and TLRs on MZ B cell development

The reduced innate-like B cells in RF mice might in part reflect the deficiency of certain
microbial products required for this mode of B cell formation. To test this idea, germ-free
(GF) mice were examined for levels of MZ B cells as compared with that in SPF and RF
mice (Fig. 4). While the percentage of CD19" B cells was significantly deceased in RF
mice, GF mice showed the equivalent level of B cells as that in SPF mice. MZ B cells were
only slightly decreased in GF mice (Fig. 4A), a difference that was not statistically
significant when 6 or more GF mice were analyzed (Fig. 4C, D). This agreed with the
preservation of MZ B cells previously reported in GF rodents [17,18]. In contrast, MZ B
cells were markedly decreased in RF mice in both percentage and absolute number,
suggesting that the innate-like B cell deficiency in RF mice was not due to the lack of
products from their resident microbiota.

Even in germ-free mouse conditions, microbial products in mouse chow might be sufficient
to provide positive signals for innate-like B cell formation, particularly in view of their
enhanced responses to ligands for various TLR isoforms (Suppl. Fig. 1). To directly assess
the role for TLR signaling in innate-like B cell development in vivo, we evaluated B cell
populations in mice engineered with null mutations for receptor or signaling components
shared in the TLR responses. Mice bearing non-functional TLR2 or TLR4 mutations [19]
exhibited normal levels of MZ and B-1a B cells (Suppl. Fig. 2). Since several alternative
TLR ligands independently promote T2-MZP or MZ B cell proliferation in vitro, these
observations suggested that innate-like B cell generation might be achieved via the
redundant function of several TLRs or, possibly, through other pathogen recognition
receptors.

To better understand the role of TLRs in innate-like B cell formation, we evaluated mice
bearing TLR adaptor protein null mutations. When we compared age-matched MyD88—/—
mice [20] with wildtype littermate controls, there were minimal differences in MZ and B-1a
B cells levels, and this change was not statistically significant (Fig. 5A, B). The absence of a
significant effect of the MyD88—/— genotype was confirmed in more than 30 mice from five
different MyD88—/— SPF colonies. Similarly, mice deficient in the TIRAP/MAL adapter
protein (for MyD88-collaborating and -independent TLR signaling [21]), exhibited a slight,
non-significant reduction in MZ B cells (Fig. 5B). MZ B cell depletion was not further
augmented in MyD88/TIRAP double knockout mice (data not shown). These data do not
support MyD88- or TIRAP-dependent signaling in formation of innate-like B cells.

Another class of MyD88-independent signaling (e.g., TRIF/TICAM-1) involves IRF-3
induction via TLR3 and TLR4 [22]. Accordingly, this adapter is unique in eliciting
responses mediated through IFN B expression and IFN B-receptor signaling, and permits full
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TLR signaling in certain MyD88—/— cell types. Compared to wildtype littermate controls,
TRIF-deficient mice retained normal splenic B cell subsets, but exhibited a statistically
significant albeit modest reduction in peritoneal B-1a cells. IFNAR—/—and STAT1-/— were
significantly deficient in both splenic MZ B cells (Fig. 5A, B) and peritoneal B-1a B cells
(Fig. 5B). Taken together, these findings suggest that type-1 interferon signaling plays a
limited role in innate-like B cell formation. The partial effect observed in TRIF—/— mice
also suggests a possible link between TLRs and this interferon requirement.

RF CD8* T cells reduce MZ B cells through a perforin-dependent cytolytic mechanism

The foregoing experiments did not implicate reduced RF microbial stimulation in the
deficiency of innate-like B cells. We therefore considered the possibility that an active,
inhibitory process was involved. In RF mice, splenic memory CD8* T cells are expanded
[14], and this is a systemic feature of the immune system, detectable in liver, mesenteric
lymph nodes, and thymus (Suppl. Fig. 3). These findings do not reflect an absence of
specific resident microbiota, since no significant differences in the percentage of CD8* T
cells are observed in GF mice (Suppl. Fig. 3A).

The concordance of CD8" T cell expansion and MZ B cell depletion specifically within RF
mice prompted us to assess whether they might be causally related. In contrast to wildtype
RF mice, CD8—/— RF mice exhibited normal numbers of MZ B cells (Fig. 6A). The
percentage and absolute number of MZ B cells was significantly increased in CD8—/— RF
mice compared with wildtype RF mice (Fig. 6B). This finding suggested that CD8* T cells
within RF animals might function, directly or indirectly, to suppress MZ B cell levels.

We next evaluated mice deficient for perforin (Prfl), a membrane-disruptive protein
required for cytolysis driven by CD8* T cells and NK cells. To determine whether
suppression of MZ B cells by CD8* T cells in RF mice was mediated by CTL cytotoxicity,
we established a colony of RF Prf1—/— mice by RF re-derivation (Caesarean section and RF
foster mother rearing), and RF breeding and housing. Compared with age- and gender-
matched SPF Prf1—/— mice and RF Prfl +/+ mice, RF Prf1—/— mice displayed normal or
even increased MZ B cell levels (Fig. 6C-E). This demonstrated that CD8* T cells in RF
mice reduced levels of MZ B cells by a mechanism involving perforin-mediated
cytotoxicity.

In vivo depletion of MZ B cells by CD8+ T cells and microbial antigen from RF mice;
relationship to Qa-1

The most direct explanation for the preceding experiments was that RF CD8+ T cells
directly target MZ B cells for cytolytic depletion. To test this prediction, we performed an in
vivo cytotoxicity experiment. CD8* T cells were isolated from RF C57BL/6 mice, and
transferred into young (4 week old) SPF mice, a stage at which physiologic MZ B cell
expansion is underway [23]. SPF recipients of adoptively transferred RF CD8* T cells
exhibited a marked reduction in MZ B cells (Fig. 7A-C, and Suppl. Fig. 4). Both the
percentage and absolute number of MZ B cells in RF CD8" T cell recipients were
statistically deceased as compared with SPF control mice (Suppl. Fig. 4). Depletion was
augmented by inoculation with RF bacterial antigens, suggesting that bacterial antigen
increased the frequency of activated CD8* T cells. Notably, the reduction occurred rapidly
(within 3 days), suggesting that the CD8" T cells might act through a cytotoxic process.

We further analyzed mice with regard to the relative sensitivity of various B cell subsets to
this rapid CD8* T cell-mediated depletion. Three days after transfer of RF CD8" T cells, B
cell subsets were analyzed by flow cytometry. Depletion was observed only in MZ B cells
and their immediate precursors, T2-MZP cells, whereas T1 and FM B cell subsets were
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preserved (Fig. 7A-C). The slight increase in FM B cells may reflect the homeostatic
expansion of FM cells in response to MZ B cell depletion (Fig. 7B). These findings suggest
that T2-MZP and MZ B cells were direct targets of RF CD8* T cell depletion. In contrast,
they suggest that the reduction of FM B cells observed in RF mice represented an indirect,
secondary process leading to their steady-state reduction.

Qa-1, aclass Ib MHC molecule expressed by B cells [24], can present a Salmonella
typhimurium GroEL peptide (GMQFDRGYL), eliciting a cognate CD8* T cell response
during in vivo bacterial infection [25]. A homologous and TCR-cross-reactive peptide is
also encoded by mammalian heat shock protein 60 (GMKFDRGY). Accordingly, we
wondered whether this mechanism might be involved in CD8* T cell cytolysis of innate-like
B cells.

First, we measured the levels of Qa-1* B cells in SPF mice with or without RF CD8* T cell
transfer (Fig. 7D, E). Qa-1 expression was observed in about 12% of total splenic B cells,
and 20% of MZ B cells. After RF CD8* T cell transfer, the levels of Qa-1* B cells were
strikingly depleted, to 2.5 and 4.8 %, respectively. Thus, B cells in each of these
compartments were depleted at a four-fold greater rate when associated with Qa-1
expression.

We wished to further confirm the role of RF microbiota in stimulating CD8* T cells and
consequently mediating cytolytic effects on MZ B cells or its progenitors. To do so, 4 weeks
old SPF mice were immunized with the microbial antigens isolated from RF mice, and the
change of CD8* T cells and MZ B cells was observed 2-3 weeks after the last
immunization. No robust CD8* T cell expansion were observed in the spleen of RF antigen-
immunized SPF mice (data not shown). However, MZ B cells were reduced compared to
SPF controls (Fig. 7F-G), and this selectively involved T2-MZP B cells (Fig. 7H). Notably,
the reduction of MZ B cells correlated with the moderate increase of liver CD8* T cells
binding to Qa-1 tetramer loaded with a HSP60-derived peptide (Fig. 71). These results
suggest that microbial components in RF enteric microflora could trigger a Qa-1 restricted
CD8™ T cells response and play a suppressive role in the formation of MZ B cells. It would
be reasonable to speculate that the sustained antigenic stimulation naturally derived from
colonized enteric microbiota would better favor the activation and expansion of CD8* T
cells in RF mice.

To further clarify whether MZ B cells depletion in RF mice was indeed resulted from the
expansion of Qa-1b-restricted CD8* T cells, we measured the levels of CD8* T cells binding
the Qa-1/microbial peptide tetramer in SPF vs. RF mice. The abundance of CD8* T cells
was increased in RF vs. SPF mice (Fig. 8A-B and Suppl. Fig. 3C), consistent with the
previously reported expansion of memory CD8* T cells in RF mice [14]. This expansion
was associated with a preserved (spleen) or increased (liver) frequency of Qa-1 tetramer*
CD8™* T cells (Fig. 8C-D), and a striking increase in the percentage and absolute numbers in
liver (Fig. 8D and F). Accordingly, the preferential depletion of Qa-1* B cells was
associated with a selective increase in the abundance of RF CD8* T cells specific for Qa-1
bearing a conserved peptide encoded by exogenous bacterial or endogenous mammalian
heat shock protein family members.

DISCUSSION

This study addresses the role of resident microbial heterogeneity in shaping the innate-like B
cell compartment. Mice bearing RF microbiota were distinguished from SPF mice by
marked depletion of T2-MZP and mature B cell subsets, including, most notably MZ and
B-1 B cells, innate-like B cell populations present within the spleen and body cavities,

Eur J Immunol. Author manuscript; available in PMC 2009 August 28.
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respectively. The minimal change of MZ B cell levels in germ-free conditions, or in mice
deficient in TLR signaling, indicated that the depletion was not due to an absence of
microbial stimuli. Instead, resident microbiota-associated induction of CD8* T cells was
crucial for this process, which was dependent upon perforin-mediated cytotoxicity, and
correlated with Qa-1 antigenic targeting. These findings suggest that different microbial
communities can divergently shape the innate-like B cell compartment, through a novel
mechanism of resident microbial sensing and resultant immunoregulation by CD8* T cells.

Limited roles of resident bacteria and TLR signaling on levels of innate-like B cells in vivo

Due to their important role in microbial sensing, the TLR system was our initial focus as the
host detection system potentially mediating the deficit of B cell subsets in RF mice. Our in
vitro data indeed provided evidence that T2-MZP and MZ B cells were particularly
responsive to TLR signaling. However, germ-free conditions supported normal levels of MZ
B cells, and genetic studies uncovered negligible effects of several TLR elements (TLR2,
TLR4 genes, or the TLR signaling components MyD88 and TIRAP), and only modest
diminution of innate-like B cells through deficiency of the type 1 interferon response (TRIF,
Stat-1, and IFNAR). With regard to TLR receptors, the limited phenotypes may reflect
broad biologic redundancy and in vivo hematagenous delivery of enteric bacteria to the B
cell compartment [26,27]. In dendritic cell maturation, there is a requirement for TLR
ligands (double-stranded RNA or viral infection) via type 1 interferon signaling [28],
analogous to our findings with innate-like B cells. Taken together, the lack of strong
phenotype in mice with mutations in individual TLRs or TLR-associated adapters suggested
that the RF mouse phenotype involves a TLR-independent mechanism.

Enteric bacteria of the gastrointestinal tract participate in the development of the murine and
human immune system [29,30]. Thus, in germ-free animals the number of lamina propria
lymphocytes and IgA—producing plasma cells, and systemic serum immunoglobulin levels
are decreased relative to SPF mice. Secondary lymphatic organs, such as the spleen and
lymph node, are also underdeveloped in germ-free animals. Enteric bacteria also influence
the abundance of B-cells in both intestinal lymphoid follicles and Peyer’s patches, reflected
by their expansion in AID—/— mice (due to impaired microbial control), and their numerical
reduction in germ-free and antibiotic-treated mice [31-34]. Peyer’s patch B cells and
germinal center formation is also dependent on tonic BCR signaling and the presence of T
lymphocytes. Such studies frame the important stimulatory role of resident intestinal
bacteria, via BCR signaling and T helper function for germinal center responses, and via
less-defined mechanisms for basal cellularity of intestinal and systemic mature B cell
populations.

This literature suggested the differentially stimulatory products of resident microbiota of
SPF vs. RF microbiota might account for the differential formation of B cell subsets in SPF
and RF mice. However, in the present work and previous studies, the formation of innate-
like B cells was preserved in germ-free mice [17,35,36]. This finding, in association with the
limited phenotype on TLR signaling-deficient mice, suggested that the effect of RF
microbiota on B cell subset formation was not due to the absence of suitable stimulatory
products, but rather through induction of an inhibitory process.

Role of CD8* T cells in mediating the effect of RF microbiota on the MZ B cell population

Memory and activated CD8" T cells are expanded in RF mice, including both the spleen and
a variety of systemic and mucosal compartments ([14], and present study). Therefore, we
evaluated whether CD8* T cells might be involved in the deficiency of MZ B cells in these
mice. Indeed, MZ B cell numbers were preserved in CD8—/— RF mice. Evidence that this
phenotype was mediated by CD8* T cells included the preservation of MZ B cells in Prf1—/

Eur J Immunol. Author manuscript; available in PMC 2009 August 28.
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— RF mice; and, the rapid depletion of MZ B cells in SPF mice transferred with RF CD8" T
cells. In addition, active immunization of 4 weeks old SPF mice with lumenal microbial
antigens also decreased the T2/MZ B cell level and increased a subpopulation of CD8* T
cells binding HSP60 peptide-Qa-1b tetramer. These findings suggest that RF microbiota
induce a cytolytic CD8* T cell population that is necessary for the depletion of MZ B cells
in RF mice.

It remains uncertain whether these cytolytic CD8" T cells directly target B cells, or instead
act through intermediate cytolytic targets affecting B cell development or homing. However,
our findings are most simply explained by a direct cytotoxic effect: (a) MZ B cells are
rapidly and selectively killed by RF CD8* T cells in an in vivo depletion assay; (b)
Depletion preferentially targets Qa-1* B cells; and, (c) RF mice bear an expanded
population of CD8" T cells binding Qa-1 tetramer loaded with a conserved microbial/host
heat shock peptide. Together, these observations suggest that B cells are directly targeted,
and implicate this antigenic system in the process.

Adoptive transfer of RF CD8* T cells with RF antigen administration and active
immunization of RF microbial antigens in SPF mice suppressed MZ B cells, indicating that
RF microbiota played a crucial role in shaping the formation of MZ B cells through the
induction of CD8" T cells. The correlation (decrease of Qa-1b expressing B cells and
increase of Qa-1 tetramer binding CD8* T cells) suggested that the cytolytic effects of CD8*
T cells on MZ B cells were mediated by Qa-1b in RF mice. It is notable that in natural
infection with certain Gram-negative bacteria, Qa-1 is loaded with a highly conserved
peptide derived from microbial heat shock protein of the GroEL family, activating a cognate
CD8™ T cell response contributing to bacterial clearance [37,38]. Moreover, this conserved
bacterial peptide is also encoded by mammalian HSP60, permitting CD8* T cells targeting
of Qa-1* host cells expressing cross-reactive peptide endogenously [25]. Accordingly, we
speculate that RF resident microbiota are distinguished by an immunogenic bacterial
population bearing this conserved peptide, eliciting a cognate anti-bacterial CD8* T cell
response to the Qa-1/peptide. One consequence of this CD8™ T cell population is the
depletion of Qa-1/peptide-bearing MZ B cells, targeted either through direct microbial
uptake or expression of cross-reactive endogenous Hsp60 peptide. However, we emphasize
that the present data demonstrate an association, but not causality, for such antigenic
recognition by CD8* T cells in MZ B cell depletion.

This would be mechanistically equivalent to the rapid cytolytic depletion in vivo of antigen-
presenting cells by cytotoxic T lymphocytes (CTL) in natural microbial or tumor immune
response [39-41]. Indeed, this process may also account for the depletion of certain
dendritic cell subsets by RF CD8* T cells [11]. Other MHC 1b molecules are also known to
shape the host immune system. For example, CD-1 [42,43] and MR-1 [44-46], both
expressed on innate-like or mucosal B cells, elicit effector T cell responses targeting cross-
reactive microbial and endogenous ligands. Since antigen-presenting cells vary widely in
expression of MHC 1B molecules according to B cell subset and anatomic location [15,46],
it is conceivable that such antigenic targeting may be an unappreciated feature of the B cell
subsets elevated for these MHC 1B molecules.

An important issue raised by these findings is the potential role of regulatory CD4* (or
CD8™) T cells in constraining the distinctive cytolytic CD8* T cell population observed in
RF mice. Systemic or enteric antigen can be delivered to the thymus by migratory dendritic
cells [47], and Tregs form after birth, perhaps through the stimulus of enteric microbiota
([48], but also see [49]). Mazmanian, Kasper, and colleagues have provided elegant
evidence for a discreet enteric microbial product (B. fragilis polysaccharide PSA) that
antigenically induces formation of functional CD4* T cell subsets [50]. Thus, it is
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conceivable that Tregs, efficiently induced by products of SPF but not RF microbiota, may
normally constrain the expansion of cytolytic CD8* T cells involved in the depletion of MZ
B cells. The possibility of a Treg deficiency in RF mice is a potentially important issue to
assess in the immunobiology of RF mice.

What are the functional consequences of the immunologic state of RF mice? The present
study demonstrates deficient T-independent B cell immunity, and accordingly, reduced host
control of capsular bacterial infection. B cells can serve as a key antigen-presenting cell type
for CD8* T cells in microbial infection [51,52]. The ongoing RF CD8* T cell-mediated
depletion of antigen-presenting cells would probably also result in a numerically reduced,
younger, and antigen-sparse antigen-presenting population. One consequence for immunity
might be diminished effectiveness in microbial surveillance and anti-microbial CD4* T cell
recruitment. Indeed, RF mice are distinguished from SPF mice for their delayed immune
response to and bacterial clearance of enteric Campylobacter jejuni infection [53]. However,
this same trait could be beneficial by impairing autoimmune CD4* T cell recruitment. CD8*
T cells may directly elicit immunoregulation through depletion of antigen-presenting cells
[39-41,54], and a deficiency of intestinal CD8* regulatory T cells has been reported in a
human inflammatory bowel disease cohort [55]. Since RF mice reveal are resistant to
immune colitis [12](Wei et al., unpublished data), the B cell and CD8* T cell interaction
uncovered in this study thus may reflect an analogous process.

In summary, this study reveals that distinct resident microbial communities, representative
of the human divergence of enteric microbiota, can shape the innate-like B cell population
through a novel mechanism involving cytolytic CD8* T cells. Since such mice are also
divergent in their susceptibility to immune or infectious colitis, this observation suggests an
unexpected acquired trait that can shape host immunoregulation and immune disease
susceptibility.

MATERIALS AND METHODS

Mice

C57BL/6, 129Sv, MyD88—/—[20], TIRAP—/— [21], TRIF—/- [22], IFNAR—/- [56],
STAT1-/—[57], CD8a—/— [58] and Prf1—/— mice [59] were bred and maintained in specific
pathogen free (SPF) conditions. MyD88—/— mice from additional colonies were generously
provided by M. Arditi (Cedars-Sinai Medical Center and UCLA), C. Wilson (University of
Washington), and G. Cheng (UCLA). C3H/HeJ mice were purchased from the Jackson
Laboratories. TRIF—/— mice were provided by B. Beutler (Scripps Research Institute).
Germ-free C57BL/6 and Swiss Webster mice were acquired from the NIH Gnotobiotic
Resource at the College of Veterinary Medicine at North Carolina State University, or
purchased from Taconic Farms (Hudson, NY), respectively. Sterility of germ-free mice was
documented on a monthly basis by fecal Gram stain, and aerobic and anaerobic cultures of
the feces and bedding. For selected mice, sterility of cecal contents was documented Gram
stain and cultures at the time of necropsy.

C57BL/6, Prf1—/—, and CD8—/— mice were also carried in restricted microbiota (RF)
conditions in the RF colony of UCLA Radiation Oncology. RF mice were periodically
validated for RF status by aerobic and anaerobic culture of cecal contents, and index
molecular phylotypes [11]. With respect to pathogen-free status, both SPF and RF mice
were monitored for the absence, by serology or culture, of a panel of viral, fungal, and
bacterial pathogenic taxa, including Helicobacter spp. All animal procedures were
performed according to the guidelines of the UCLA, University of Washington, Yale
University, Scripps Research Institute, and University of Alabama Animal Research
Committees.
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Flow cytometry

Cell surface staining was performed as previously described [60]. Data were collected on a
FACSCalibur flow cytometer (BD Biosciences) and analyzed using CellQuest software. T1
(CD21l°HSAN), T2-MZP (CD23NCcD21MHSAM), MZ (CD23l°cD21hHSAN), and FM
(CD21!°HSAI°) B cell populations were distinguished by CD21, HSA, and CD23
expression. Anti-CD21, anti-CD24 (HSA), anti-CD23, anti-CD19, anti-B220, anti-CD11b
(Macl), anti-CD9 (KMCS8) and anti-CD5 antibodies and streptavidin-APC were purchased
from BD PharMingen. All staining profiles were based on live gates, as determined by
forward and side scatter. For cell sorting, 5x107 cells per sample were stained in 500 pL of
staining medium with anti-CD21, anti-CD24, and anti-CD23 Abs. Cells were sorted on a
FACSVantage cell sorter (BD Biosciences). A nine-amino acid murine hsp60 peptide
(GMKFDRGYI) [25,61] with the purity of more than 91% was obtained from Invitrogen
(Carlsbad, CA). APC-conjugated Qa-1b tetramer loaded with the peptide was kindly
prepared and provided by NIH Tetramer Core Facility at Emory University.

Reagents and cellular assays

Single cell suspensions were prepared from murine splenocytes depleted of erythrocytes by
lysis with ammonium chloride solution prior to cell sorting or CD43 depletion. CD43
depletion was performed using magnetic bead-conjugated anti-CD43 and a VVarioMacs
column according to the manufacturer’s instructions (Miltenyi Biotech). Depleted
populations reproducibly contained >95% B220* B cells. Purified splenocytes and sorted
cell populations were cultured in RPMI 1640 with 5% FCS as previously described [62].
Stimulations were performed with 10 pg/mL polyclonal goat F(ab)’, anti-mouse IgM Ab
(Jackson Laboratory), 1 pg/mL of LPS from S. typhosa (Difco) or from S. minnesota
(Sigma), or 100ug/ml poly(I:C) (Amersham). Phenol extracted LPS (lipid A) from S.
minnesota, the 19 kD lipoprotein from M. tuberculosis, and PSM from S. epidermidis were
generous gifts from Dr. Robert Modlin and Dr. Christopher Wilson. Equal numbers of
purified B cell populations were cultured at 2.5 x10% cells/well with various stimuli. Cells
were pulsed with 1 pCi 3H-thymidine for 12 h prior to harvesting. Cells were harvested at
48 h and analyzed as previously described. Averages of triplicate samples are presented
along with respective standard deviations. For analysis of 1L-10 production, splenic B cells
were stimulated with LPS and IL-10 levels in culture supernatants were determined by
ELISA as previously described [63].

Six to 8 week old SPF and RF mice were immunized intraperitoneally with 10 pg TNP-
Ficoll (Biosearch Technologies, Novato, CA) in PBS or 20 pg TNP-KLH (Biosearch
Technologies, Novato, CA) precipitated with alum in PBS. Anti-TNP-specific titers were
collected at 0, 1, and 2 weeks after immunization and analyzed by ELISA on TNP-BSA with
isotype-specific antibodies (anti-mouse 1gM, 1gG3, and 1gG1) (BD PharMingen, San Diego,
CA).

Manipulation of enteric microbiotain RF mice

C57 BL/6J RF mice were transferred into specific pathogen free (SPF) condition at various
time points: after weaning at the age of 2~3 weeks old; at birth; or, before birth with
pregnant mothers. They were fed with the intestinal bacteria derived from SPF mice.
Briefly, C57 BL/6J mice housed under SPF condition were sacrificed and intestinal tubes
including small and large intestine were flushed with 3 ml/mouse of reduced saline buffer.
The homogenized lumen contents were filtered through a 100 um cell strainer and
immediately transferred into RF mice through oral gavage. For each adult mouse, 0.2 ml of
suspension was gavaged for three times on days 0, 3, and 5. For neonatal RF mice, the pups
were fed with SPF bacterial suspension recurrently every three days. To introduce bacteria
into RF offspring, an oral gavage needle with a soft blunt tip was gently put into their mouth
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to lure sucking for about 5-10 minutes each time. The rest of the bacteria suspension was
spread in the bedding materials to generate a SPF condition. To achieve a thorough
alteration of RF microflora in the offspring of RF mice, RF females were treated with
vancomycin (65 pg/g body weight/mouse/per day) by oral gavage for two weeks, and bred
with SPF males under SPF condition to allow the immediate exposure of pups to SPF
microflora during and after birth. Enteric microbiota in these mice were monitored by
conventional bacterial culture and molecular phylotyping [11].

Adoptive transfer of RF CD8* T cells

CD8* T cells from RF mice were transferred into SPF mice to evaluate the effect of RF
CD8* T cell on MZ B cells. Briefly, CD8a* T cells were isolated from spleen of eight weeks
old RF mice by using CD8* T cell isolation kit (Miltenyi Biotec Inc.). Isolated RF CD8* T
cells with more than 95 % purity were intravenously injected to SPF mice at 4 x107 cells per
mouse. Bacterial lysates prepared from intestinal lumen contents of RF mice were
intraperitoneally injected at 100 g per mouse. Control SPF mice were injected with the
same volume of saline. Mice were sacrificed three days after CD8* T cell transfer, and
splenic MZ B cells and other immune phenotypes were examined by FACS.

Enteric bacterial antigens from the lumen contents of RF mice were prepared as previously
reported with minor modification [64]. Briefly, the intestinal lumen contents of RF mice
were collected and resuspended in 1 mL PBS. 0.25 ml of buffer (PBS containing 100 mM
MgCl, and 1 mg/mL DNase) and 1 mL of glass beads (0.1 mm diameter) were added to the
lumen content suspension and then vigorously vortexed for 10 minutes to disrupt bacteria.
The glass beads and unlysed cells were removed by centrifugation at 5000x g for 10
minutes. Lumenal lysates were sterilized by using 0.2 um syringe filtration (Nalgene,
Rochester, NY). Protein concentrations were determined using Quick Start Bradford protein
assay kit (Bio-Rad, Richmond, CA).

Active immunization of RF microbial antigens

Four weeks old SPF mice were immunized with RF lumenal microbes through i.p. injection.
Instead of using RF lumenal lysates, bacterial suspensions were prepared from large
intestine of RF mice for intrperitoneal immunization. Briefly, lumen contents of large
intestinal were collected from RF mice and re-suspended in 1 mL of saline buffer/per
mouse, and then filtered using a 60 um cell strainer. SPF mice were first intraperitoneally
injected with 150 pl thioglycollate broth three days before immunization to recruit and
activate peritoneal antigen-presenting cells. Test mice then were immunized with 150 pl of
RF microbial suspension i.p. injection, and immunized a second time two weeks later.
Control mice received saline rather than bacterial suspension. Two to three weeks after the
second immunization, test and control mice were examined for levels of MZ B cells and
CD8* T cells.

Statistical analysis

Statistical analysis was performed by using the programs provided by Prism3 software. In
most cases of this study, the statistical analysis were performed by using an unpaired two-
tailed Student t test for two data sets or one-way ANOVA for three or more data sets with a
95% confidence interval. Statistical significance was calculated, and p values less than 0.05
were considered to be significantly different.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mice bearing distinct resident microbiota (RF mice) exhibit a severe reduction in MZ
and B-1a B cells

(A) CD21/HSA(CD24) and (B) CD21/CD23 profiles of splenic CD19* B cells from
C57BL6 mice maintained in SPF versus RF conditions. The relative percentages of
transitional 1 (T1), transitional 2 marginal zone precursor (T2-MZP) + marginal zone (MZ)
(T2-MZP/MZ), follicular mature (FM), and marginal zone (MZ) are indicated. (C) CD21/
CD23 profiles, gated on the T2-MZP/MZ (CD21hHSAN) population in (A) to distinguish
(CD23") MZP from (CD23!°) MZ cells. (D) Percentage and (E) absolute numbers of T1,
T2-MZP, MZ, and FM splenic B cell populations, with averages from five age-matched
pairs. The relative percentage of MZP and MZ B cells were derived by multiplying the
CD23N or CD23° fractions in (C) with the T2-MZP/MZ fractions in (A). (F) Comparison
of spleens from age and gender-matched SPF and RF mice. (G) Immunofluorescence
staining of splenic tissue sections with IgD (green), IgM (red) and MOMA-1 (blue) against
marginal metallophilic macrophages. The arrows indicate marginal zone B cells, based on
IgMhigh staining (red) and localization outside the MOMA®* layer (blue). Arrowheads
highlight B cells in follicular areas, with IgD and IgM double expression confirmed by
yellow staining. (H) Peritoneal cells (PECs) were gated on B220, and the staining contours
for CD11b (Macl) and CD5 are shown for SPF and RF mice. Minimal B-2 B cells (B220-
gated, CD11b~CD5™) were detectable in this compartment. (1) Percentage and (J) absolute
numbers of B-1 subsets in SPF (solid circles) and RF (open circles) animals. Representative
results of 3 or more similar experiments.
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Figure 2. RF mice exhibit defective B lineage dependent immune responses

Proliferation of CD43-depleted splenic B cells in response to (A) anti-CD40 Abs, and (B)
LPS. (C) IL-10 production of splenic B cells in response to LPS. (D) Anti-TNP IgM and (E)
anti-TNP 1gG3 production in serum of mice challenged with the T-independent antigen,
TNP-Ficoll. (F) Anti-TNP 1gG1 production upon challenge with the T-dependent antigen,
TNP-KLH. All the serum samples were diluted at 1:10 and then applied to ELISA assay for
detection of antibody responses. The results are representative data from three similar
experiments.
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Figure 3. Microbiota in RF mice plays a role in the formation of MZ B cells

RF neonates were treated beginning at post-natal day 0 (P0O) with lumenal bacteria from SPF
mice (see Methods). The mice were examined for MZ B cell development at age of about 8
weeks old. (A) Phenotypes of splenic CD19" B-cells; % MZ B cells in CD19* gate are
indicated. (B) Tabulation of % MZ B cells; each symbol represents data from an individual
mouse. SPF: specific pathogen free mice; RF: restricted microbiota mice; RF+Bactgpg PO:
RF pups exposed to SPF cecal bacteria at post-natal day 0 (P0). RF+Bactgpr PO+Vanco:
Offspring derived from RF parental mice that were treated with vancomycin under SPF
condition. These pups were exposed to SPF environment during and immediately after birth.
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P values by student t test for comparisons of SPF mice to RF and bacteria-treated RF mice.
Data was obtained from 3 or more independent experiments.

Eur J Immunol. Author manuscript; available in PMC 2009 August 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wei et al. Page 20

Figure 4. Profound deficiency of MZ B cells in RF mice but not in germ-free mice

(A) Splenic lymphocytes were isolated from age and gender-matched SPF, germ-free (GF)
and RF mice, and stained to delineate MZ B cells (CD19, CD21, IgM and IgD). The
percentages of cell populations with MZ B cell phenotypes are indicated. Data represents at
least three independent experiments, and two different strains (C57/BL6 and Swiss Webster)
of germ-free mice. (B-D) Tabulation of data from individual age-matched mice (8-10
weeks) reared in SPF, GF, or RF conditions: (B) Percentage of CD19" B cells; (C) % MZ B
cells; (D) total MZ B cells per spleen. P values were calculated using student’s t test
comparison of GF or RF to the control SPF group.
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Figure 5. Mice with null mutations in TLR signaling pathways have partial deficiencies in
innate-like B cell development

Splenic cells were prepared from MyD88—/— (and C57BL/6 wildtype littermate control)
mice, Stat-1-/— and IFNAR—/— (and 129Sv wildtype littermate control) mice, TRIF—/— and
TIRAP—/— mice (and 129Sv x C57BL/6 wildtype littermate control). CD19* cells were
analyzed for MZ B cells as in Fig. 5A. (A) Splenic CD21/23 population (MZ B cells). (B)
Relative frequency of innate-like B cells in TLR signaling mutant mouse strains. MZ B cells
were measured by flow cytometry in sets of background- and age-matched wildtype controls
for MyD88—/— (n=5), TIRAP—/— (n=3), TRIF—/— (n=5), IFNAR—/— (n=4), and STAT-1-/
— (n=4) mice. The ratios of mutant to age-matched controls were calculated for each mouse,
and tabulated as % control £ SEM. P values for comparisons of mutant to wildtype controls
were determined by student t test.
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Figure 6. CD8* T cells affect MZ B cells formation through a perforin-dependent cytolytic
mechanism
Splenic lymphocytes were isolated from age- and gender-matched adult C57BL/6 RF mice
and stained for CD21, CD23, CD1d, IgM, and IgD in different staining combinations. The
MZ B cells were analyzed in CD19* B cell gate and the percentage of MZ B cells in
different staining patterns are indicated. Conventional bacterial culture and molecular
phylotyping confirmed that RF mice and RF CD8—/— mice were colonized with the same
RF microbiota. (A, B) Comparison of RF mice bearing CD8—/— or wildtype genotypes. (A)
Representative flow cytometry of CD19* gated splenocytes. % MZ B cells are listed. (B)
Tabulated percentage and absolute number of MZ B cells in CD19*CD21NCD23!° gate. The
data represents at least three individual experiments. (C—E). Prf1—/— mice bearing SPF or
RF microflora were compared with age- and gender-matched wildtype SPF and RF C57/
BL6 mice. (C) Representative flow cytometry of CD19* gated splenocytes. % MZ B cells
are listed. Tabulated percentage (D) and absolute number (E) of MZ B cells
(CD19*CD21NCcD23!°). P values for the significance of comparisons between different
groups were indicated. These data are representative of the results from three independent
experiments with nine Pfrl—/— mice and equal numbers of control mice.
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Figure 7. In vivo depletion of MZ B cells by adoptive transfer of RF CD8* T cells and active
immunization with RF microbial antigens in SPF mice

Four weeks old SPF mice were transferred i.v. with 4 x107 of splenic CD8* T cells and i.p.
with 150 pg of enteric bacterial antigens derived from RF mice. On day 3 after cell transfer,
splenocytes were collected from SPF mice and SPF mice that received RF CD8* T cells plus
antigens, and stained for analysis of B cell subsets. The data represent three different
independent experiments. (A) Representative flow cytometry of CD19*-gated cells stained
for B cell subsets. (B) Tabulated percentages of B cell subsets as compared between SPF
mice and SPF mice received RF CD8" T cells and bacterial antigens. (C, D) Flow cytometry
of CD19*-gated splenocytes from representative SPF mice with or without RF CD8* T cell
transfer: (C) CD21 and CD23 (MZ B cells); (D) CD21 and Qa-1 (Qa-1* B cells). (E) Qa-1
expression of MZ-gated splenocytes (CD19*CD21MCD23!°). Fig. 7 F-I show the reduction
of MZ, T2-MZ B cells and increase of Qa-1b tetramer positive CD8" T cells in liver of SPF
mice actively immunized with RF lumenal antigens through i.p injection. (F) CD21 vs.
CD23 (MZ B cells), IgM and IgD, respectively; (G) CD21 vs. CD24 (T2-MZP/MZ B cells);
(H) Tabulated percentages of T1, T2-MZ B and FM B cell subsets in T2-MZP/MZ gate
shown in Fig 7G. “*” indicates the statistic significance (p=0.02); (I) Lymphocytes from
liver of immunized SPF mice stained with CD8" vs. Qa-1b tetramer loaded with a HSP-60
peptide (GMKFDRGY). All data represents three individual experiments.
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Figure 8. CD8* T cell binding of Qa-1 tetramer/heat shock peptide
Single cells were isolated from adult C57BL/6 spleen (A, C, E) and liver (B, D, F) of age-
and gender-matched adult RF and SPF mice and stained for CD3, CD8" and Qa-1b tetramer
loaded with the murine HSP60 monamer GMKFDRGY . Flow cytometry from single RF
and SPF animals are shown in (A-D), representative of findings from three different
experiments. (A, B) CD3 and CD8 expression. (C, D) Level of Qa-1 tetramer binding by
CD8™ T cells. Histograms show staining with Qa-1/tetramer (filled) and unstaining negative
control (grey trace). (E, F) Tabulated percentage and absolute number of Qa-1 tetramer-
binding CD8" T cells. The data represents the results from three individual experiments.
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