Learn more

Immunology at Work

Resource Center invitrogen

Py . MyD88- and Bruton's Tyrosine
%?ﬁ;gﬁﬁélog}, Kinase-Mediated Signals Are Essential for T
Cell-Independent Pathogen-Specific IgM

Responses

Thisinformation is current as _ o _ o

of August 9, 2022. Kishore R. Alugupalli, Shizuo Akira, Egil Lien and John M.
Leong

J Immunol 2007; 178:3740-3749; ;
doi: 10.4049/jimmunol .178.6.3740
http://www.jimmunol .org/content/178/6/3740

References Thisarticle cites 54 articles, 26 of which you can access for free at:
http://www.jimmunol.org/content/178/6/3740.ful l #ref-list-1

Why The JI? Submit online.

» Rapid Reviews! 30 days* from submission to initial decision
* No Triage! Every submission reviewed by practicing scientists
» Fast Publication! 4 weeks from acceptance to publication

*average

Subscription  Information about subscribing to The Journal of Immunology is online at:
http://jimmunol .org/subscription

Permissions  Submit copyright permission requests at:
http://www.aai .org/About/Publications/Jl/copyright.html

Email Alerts Receive free email-alerts when new articles cite this article. Sign up at:
http://jimmunol.org/alerts

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc.,

1451 Rockville Pike, Suite 650, Rockville, MD 20852
Copyright © 2007 by The American Association of
Immunologists All rights reserved.

Print ISSN: 0022-1767 Online |SSN: 1550-6606.

2202 ‘6 1snbBnYy uo 159nB Aq /640" jounwiw ' mmm//:dny wiouy papeojumoq


http://www.jimmunol.org/cgi/adclick/?ad=56490&adclick=true&url=https%3A%2F%2Fwww.thermofisher.com%2Fus%2Fen%2Fhome%2Flife-science%2Fcell-analysis%2Fcell-analysis-learning-center%2Fimmunology-at-work.html%3Fcid%3Dbid_pca_sbu_r01_co_cp1498_pjt8443_col11720
http://www.jimmunol.org/content/178/6/3740
http://www.jimmunol.org/content/178/6/3740.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/

The Journal of Immunology

MyD88- and Bruton’s Tyrosine Kinase-Mediated Signals Are
Essential for T Cell-Independent Pathogen-Specific IgM
Responses’

Kishore R. Alugupalli,>* Shizuo Akira,” Egil Lien,>* and John M. Leong>*

Bacteremia is one of the leading causes of death by infectious disease. To understand the immune mechanisms required for the
rapid control of bacteremia, we studied Borrelia hermsii, a bacterial pathogen that colonizes the blood stream of humans and
rodents to an extremely high density. A T cell-independent IgM response is essential and sufficient for controlling B. hermsii
bacteremia. Mice deficient in Bruton’s tyrosine kinase (Btk), despite their known defect in BCR signaling, generated B. hermsii-
specific IgM and resolved bacteremia, suggesting that an alternative activation or costimulatory pathway remained functional for
T cell-independent B cells in Btk '~ mice. B. hermsii contains putative ligands for TLRs, and we found that mice deficient in TLR1,
TLR2, or the TLR adaptor MyD88 generated anti-B. hermsii IgM with delayed kinetics and suffered more severe episodes of
bacteremia. In striking contrast to the anti-B. hermsii IgM response in mice deficient only in Btk, mice deficient in both Btk and
MyD88 were entirely incapable of generating B. hermsii-specific Ab or resolving bacteremia. The response to a T cell-dependent
model Ag was unaffected in Btk ™'~ x MyD88 ™'~ mice. These results suggest that MyD88 specifically promotes T cell-independent

BCR signaling and that, in the absence of Btk, this TLR-mediated stimulation is a required component of this signal. The Journal

of Immunology, 2007, 178: 3740-3749.

acteremia is one of the leading causes of death by infec-

tious disease (1). A critical factor in preventing blood-

borne infections from evolving into life-threatening con-
ditions is the ability of the host to rapidly generate protective Abs
against the invading pathogens. T cell-independent (TI)* Ab re-
sponses can be highly protective and develop much faster than T
cell-dependent (TD) Ab responses (2), suggesting a potential util-
ity of TI responses as preventive and therapeutic interventions
against a broad range of clinically important bacteria, including
biothreat agents.

One approach to identify mechanisms that rapidly clear micro-
bial pathogens from the bloodstream is to investigate bacteria that
are uniquely adapted to growth in the vascular compartment. Bor-
relia hermsii, a bacterium that causes relapsing fever, is extremely
efficient at colonizing the bloodstream of infected hosts (3). Ro-
dents are natural reservoirs for relapsing fever bacteria, and murine
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infection recapitulates the critical pathophysiological aspects of
the human disease (4). The hallmark of this infection is recurrent
episodes of high-level bacteremia (~10® bacteria/ml blood), each
caused by antigenically distinct populations of bacteria that are
generated by DNA rearrangements of the genes encoding the vari-
able major proteins (5). Remarkably, each episode is cleared rap-
idly within one to three days by a TI response (6, 7).

Development of persistent bacteremia in Ragl '~ scid or uMT
mice, which lack mature B cells, demonstrates that the humoral
immune system is crucial for controlling B. hermsii (7, 8). Mature
B cells can be divided into four subsets: follicular (FO), splenic
marginal zone (MZ), Bla, and B1lb (9). Using IL-7 /" mice,
which are deficient in FO B cells (7), and bone marrow chimeric
mice deficient in Bla cells (10), we have ruled out a requirement
for FO B and B1a cells in the protective response against B. herm-
sii. Severe bacterial burden in splenectomized mice during the pri-
mary bacteremic episode suggested that MZ B cells play a role in
controlling B. hermsii (4, 7), and recently it has been demonstrated
that MZ B cells mount anti-B. hermsii Ab responses (11). Never-
theless, the rapid control of bacteremia during secondary or mod-
erate bacteremic episodes in splenectomized mice suggested that
MZ B cells are not the only subset that contributes to protection.
In fact, adoptive transfer experiments demonstrated a direct role
for B1b cells in immunity to B. hermsii (10). Using a similar ap-
proach, Haas et al. (12) demonstrated a role for B1b cells in pro-
tection against Streptococcus pneumoniae, extending the function
of B1b cells in other infections. IgM is the only required and suf-
ficient Ig isotype for controlling B. hermsii bacteremia and the B1b
cell subset can generate a specific IgM response (7, 10). Interest-
ingly, B1b cells do not mount this response in the absence of
specific stimulation, indicating that they maintain a quiescent state.
However, upon challenge with B. hermsii, B1b cells rapidly dif-
ferentiate into Ab-secreting cells (10).

Clearly, B. hermsii is capable of inducing the rapid production
of protective Ab by Ag-specific B cells independent of T cell help.
TI-1 Ags, the prototype of which is LPS, activate B cells primarily
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Table I.  B. hermsii bacteremia in various wt mouse strains and Btk™'~

mice

3741

Bacteremia (mean £ SD)¢

First episode

Second episode Third episode

Peak density Duration Significance” Peak density ~ Duration Significance?  Peak density Duration Significance”
Genotype n (X1000/ul) (days) (p value) (X1000/ul) (Days) (p value) (X1000/pl) (days) (p value)
C57BL/6] 5 55*17 24=*06 6+2 1.3 0.6 5+1 1204
129Sv/J 4 36=*9 28 £0.5 N.S. 8§ =1 1.8 = 0.5 N.S. 3+1 1.3 0.5 N.S.
B6129SF1/1 5 40=x23 26*09 N.S. 5*3 1.8 £ 0.8 N.S. 4*2 12+04 N.S.
B6129SF2/1 5 39*11 24=%=06 N.S. 9*7 1.6 = 0.6 N.S. 6*+2 1.2*04 N.S.
B6129S-Brk™™% 6 215 + 118 4.8 + 1.2 <0.02 (<0.005) 35%26 25=*0.5 <0.05(<0.01) 30=x13 25=*x0.5 <0.002(<0.002)

@ Mice were infected i.v. with 4 X 10° B. hermsii DAH-p1. Bacteremia was measured by microscopic counting.
” The difference in the peak density or the duration of bacteremia in C57BL/6J mice was compared with that in various other wt mouse strains or to Btk '~ mice by Student’s
t test. Two-tailed p values were given. Values of p for duration were given in parenthesis. N.S. denotes not statistically significant.

by stimulating mitogenic receptors (2). As a result, and in contrast
to the Ab response to B. hermsii, TI-1 responses are not necessarily
Ag-specific, particularly in the context of relatively large amounts
of Ag, such as would be the case for B. hermsii bacteremia. TI-2
Ags, such as the polymeric capsules of the anthrax agent, Bacillus
anthrasis (13) and S. pneumoniae (14), contain repetitive epitopes
that can efficiently stimulate B cells in the absence of T cell-help
primarily by cross-linking BCRs. These Ags do not induce pro-
tective Ab-responses in X-linked immunodeficient (xid) mice,
which carry a mutation in Bruton’s tyrosine kinase (Btk), a cyto-
plasmic kinase crucial for BCR-mediated activation (15, 16). In
contrast, B. hermsii triggers an expansion of B1b cells in xid mice,
inducing an Ab response capable of controlling infection, albeit
with somewhat delayed kinetics (7). These results indicate that,
remarkably, even in the absence of a normal BCR signaling, B.
hermsii is capable of rapidly activating Ag-specific B cells, pre-
sumably by stimulating other signaling pathways.

TLRs play important roles in activation of the immune system
(17). TLRs are germline-encoded receptors expressed on B cells as
well as a variety of innate immune cells, and recognize a wide
range of evolutionarily conserved microbial products from bacte-
ria, viruses and fungi, in addition to certain host-derived mole-
cules. TLRs are type-I transmembrane glycoproteins with an ex-
tracellular domain that features a remarkable plasticity in terms of
ligand recognition, and at least 11 TLRs (TLR1-11) have been
described in mammals. The diversity and specificity of the TLR
response is also determined by the selective use of four intracel-
lular adaptor molecules; MyD88, Mal, Trif and Tram. These adap-
tors mediate the proximal interactions with the intracellular do-
mains of the TLRs and create a platform to a cascade of kinases
and transacting factors, events that ultimately result in activation of
various components of the immune system.

In the present study, we have investigated mice deficient in spe-
cific TLRs, their adaptors and coreceptors and found that TLR
signaling pathways, particularly the TLR2-mediated pathway, play
a crucial role in protective immunity to B. hermsii. Simultaneous
disruption of Btk and MyD88 severely impaired the immune
response essential for controlling the bacteremia, demonstrating
that coordinated stimulation of TLR and BCR signaling acti-
vates B cells and triggers the rapid induction of Ag-specific [gM
responses.

Materials and Methods

Mice and infections

Mice housed in microisolator cages with free access to food and water,
were maintained in a specific pathogen-free facility of Thomas Jefferson
University and University of Massachusetts Medical School. The studies
have been reviewed and approved by Institutional Animal Care and Use

Committees. C57BL6/J, 129Sv/J, B6129SF1/J, B6129SF2/], C57BL/6]-
TCR-g'™! Mem TCR-g'™! Mem (TCR-Bx& /"), and IL-1R1"™Rem! (IL-
IR™’7) mice were purchased from The Jackson Laboratory. CBA/Ca and
CBA/N (xid) mice were purchased from National Cancer Institute. Btk-
kinase domain-deleted B6129S-Brk™"* mice (Btk~'") (16) were provided
by Dr. W. Khan (Vanderbilt University, Memphis, TN). CD14~/~ mice
(18) were provided by Drs. M. Freeman and K. Moore (Harvard Medical
School, Boston MA), and MD2 '~ mice (19) were provided by Dr. K.
Miyake (University of Tokyo and Japan Science and Technology, Tokyo,
Japan). TLR1™/~ (20) (NS); TLR2™/~ (21) (N10); TLR3 ™/~ (22) (N3);
TLR4™/~ (23) (N10); TLR6 '~ (24) (N6); TLRO '~ (25) (NI10);
MyD88 ™/~ (26) (N3); Mal '~ (27) (N6); Trif '~ (22) (N3); Tram '~ (28)
(N3); CD147/~ (18) (N10); and MD2™/~ (19) (N6) mice were bred onto
C57BL6 background and the generation numbers were indicated in
parentheses.

Five- to 8-wk-old mice were infected i.v. via tail vein with 5 X 10* bacteria
of a fully virulent B. hermsii strain DAH-pl (from the blood of an infected
mouse), and the bacteremia was monitored by dark-field microscopy (7).

Some knockout mice used were not extensively backcrossed onto the
C57BL6 background. Because genetic background may have an effect on
the severity of B. hermsii bacteremia, we compared the kinetics of the B.
hermsii infection in C57BL6 mice with that of 129Sv, B6129SF1 or
B6129SF2 mice. Neither the peak bacterial density nor the duration of the
bacteremia in all three sequential episodes was distinguishable among
these strains (Table I).

ELISA

IgM and IgG levels in blood were measured by ELISA, according to man-
ufacturer’s instructions (Bethyl Laboratories). The B. hermsii-specific IgM
was determined by coating 96-well plates (ICN Biomedicals) with in vivo
(sIgM ™"~ mice) grown B. hermsii DAH-p1 (10° wet bacteria/well) and the
specific Ab levels were interpreted as ng/ul using IgM standards. To
determine the Ag-specificity of the IgM generated during B. hermsii
infection, microtiter wells were coated with a related-bacterium Borrelia
burgdorferi strain N40 (10° bacteria/well), Escherichia coli strain K12, a
Gram-negative pathogen (2 X 10° bacteria/well) or Streptococcus sanguis
ATCC10556, a Gram-positive pathogen (2 X 10° bacteria/well).

Generation of Btk and MyD88 double knockout (DKO) mice

MyD88 /™ mice (26) were crossed to Btk ™/~ mice (16) to generate Btk/
MyD88 DKO mice and control mice for these DKO mice were heterozy-
gous for both mutations. MyD88 genotype was determined by PCR using
the following primers: MyD88F (5'-TGG CAT GCC TCC ATC ATA GTT
AAC C-3"), MyD88R (5'-GTC AGA AAC AAC CAC CAC CAT GC-3")
and NeoR (5'-ATC GCC TTC TAT CGC CTT CTT GAC G-3') to yield
wild-type (wt) and knockout products of ~550 and 750 bp, respectively.
Btk genotype was also determined by PCR using primers: for Wt Btk
allele, Wt-BtkF (5'-AAG TCA GAG GAC AAG CTG GAG T-3') and
Wt-BtkR (5'-AGC CCA AAC GAC CTT CCA AA-3’) were used to yield
a 200-bp product. For mutant Btk allele, Mut-BtkF (5'-TCT GGT GTA
AAT GGG CTC TGT GCT T-3') and NeoR (5'-ATC GCC TTC TAT
CGC CTT CTT GAC G-3') were used to yield a 700-bp product.

Flow cytometry

To determine the frequency of B1b cells, peritoneal cavity cells were
harvested from individual mice and the cell density was adjusted to
2.5 X 107/ml in staining medium (deficient RPMI 1640 medium (Irvine
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FIGURE 1. Btk contributes to, but
not required for the control of B. herm-
sii. A, CBA/Ca (wt) or CBA/N (xid)
mice were infected i.v. with 5 X 10* B.
hermsii DAH-pl. Blood was sampled
daily and B. hermsii-specific IgM was
quantitated by ELISA. Each time point
represents five mice in each group.
Mean £ SD values were shown. B, wt
(C57BL6; n = 3) or T cell-deficient
(TCR Bx8'"; n = 3) mice or Btk™/~
mice (n = 3) were infected, and kinet-
ics of B. hermsii-specific 1gM re-
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—e— CBA/Ca
—e— CBA/N (xid)

L
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1
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B. hermsii-specific IgM (ng/ul) >
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sponses was measured by ELISA.
Mean *= SD values were shown. C,
Blood was sampled from 6 days postin-
fected mice, and specificity of the IgM
response was determined using micro-
titer plates coated with indicated bacte-
rial species. Mean = SD values were of
three mice from each genotype were
shown. D, wt (B6129Sv) or Btk /™
mice were infected and bacteremia was
measured by dark-field microscopic
counting. Each plot represents bactere-
mia in an individual mouse. The broken
line indicates the detection limit for
bacteremia. Statistically significant dif-
ferences between wt and mutant mice
were indicated with p values <0.05 (),
<0.005 (), and <0.001 ().

IgM (ng/ul)

I |
B. hermsii B. burgdorferi

Scientific) with 3% new calf serum, 1 mM EDTA). After blocking the
FcRs with 2.4G2 Ab (1 ug per 10° cells), an aliquot of 25 ul of peritoneal
cavity cells was incubated in a microtiter plate with appropriately diluted
Ab. To determine the frequency of MZ B cells, 25 ul of spleen cells was
stained with appropriate Abs. The Abs, anti-IgM-FITC (clone 1B4B1),
anti-IgD-biotin (clone 11-26), anti-Mac1-PE (clone M1/70) and anti-CD5
PE (clone 53-7.3) were purchased from eBioscience; streptavidin-PE-CyS5,
CD23-PE (clone B3B4), CD21-FITC (clone 7G6) were from BD Pharm-
ingen and with B220-TC (clone RA3-6B2) was purchased from Caltag
Laboratories. After staining, cells were washed twice with staining medium
and the preparations were run on a FACSCalibur (BD Biosciences) using
CellQuest software for acquisition of the data (BD Biosciences). Data was
analyzed using FlowJo software program (Tree Star).

Immunization

To measure the TD immune responses, wt mice or mice deficient in both
btk and MyD88 (i.e., DKO) were immunized with 50 ug of nitrophenyl-
conjugated-chicken gammaglobulins (NP-CGGs; Research Technologies)
precipitated in alum and injected i.p. Blood samples obtained on 0, 4, 7, 10,
and 14 days postimmunization were diluted and NP-specific response was
determined by ELISA using NP-conjugated BSA (NP-BSA; Research
Technologies) (5 wg/ml)-coated microtiter plates.

Statistical analysis

Statistics were performed using InStat 2.01 software program. To deter-
mine statistically significant differences, Student’s unpaired ¢ test was per-
formed and two-tailed p values were given.

Results

Mice deficient in Btk can control B. hermsii bacteremia

Mutations affecting the BCR signaling pathway result in a defi-
ciency of B1 cell subsets, which are the major producers of IgM
(29), and xid mice (CBA/N), harboring a point mutation in btk that
diminishes BCR signaling, display a deficiency of B1 cells and
basal IgM levels (7). Nevertheless, xid mice, after initially suffer-
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Days post-infection

ing more severe bacteremic episodes than wt mice, can control
the B. hermsii bacteremia (7). Because IgM is essential for controlling
this infection, we predicted that xid mice are capable of mounting an
anti-B. hermsii IgM response, despite their inherent deficiency in pre-
immune IgM levels. As predicted, with some delay, xid mice gener-
ated a specific IgM response, one which was of somewhat lower mag-
nitude than the wt response but coincident with the resolution of
bacteremia by day 4 postinfection (Fig. 14) (7).

The Btk protein in xid mice has a substitution (R28C) in the
pleckstrin homology (PH) domain that disrupts Btk recruitment to
the BCR signalosome, and is expressed at 70% of wt levels (15).
This substitution is not likely to disrupt the kinase activity of Btk,
because Btk deleted for the PH domain has wt basal levels of
catalytic activity (30). To unequivocally determine whether the
ability of xid mice to generate B. hermsii-specific I[gM and to con-
trol bacteremia was due to residual Btk activity, we examined mice
that have a targeted deletion in the kinase domain of Btk and do
not express any detectable Btk protein (16). Despite the inherent
deficiency of Btk ~ mice in serum IgM as well as BCR-mediated
signaling (16), infected mice mounted a robust IgM response to B.
hermsii (Fig. 1B). A TI response is sufficient for the control of B.
hermsii infection (7), and consistent with this T cell-deficient mice
rapidly generated anti-B. hermsii IgM (Fig. 1B). The infection-
induced IgM did not bind efficiently to a closely related pathogen,
B. burgdorferi, to an unrelated Gram-negative enteric pathogen,
Escherichia coli, or to a Gram-positive oral pathogen, Streptococ-
cus sanguis, demonstrating the involvement of Ag-specific BCR
repertoire in this response (Fig. 1C).

Consistent with the somewhat delayed IgM response in Btk '~
mice (Fig. 1B), the Btk~’~ mice suffered more severe episodes of
bacteremia than wt mice (Fig. 1D). For example, the peak bacterial
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FIGURE 2. MyD88 is the critical
TLR adaptor required for protective
response. C57BL6 (Wt), MyD88 /'~
or Mal™/~ mice were infected i.v.
with 5 X 10* B. hermsii DAH-pl. A,
wt (C57BL6; n = 3), MyD88~/~
mice (n = 3) or Mal ™/~ (n = 3) mice

B. hermsiispecific IgM (ng/ul)

3743
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| —@— W
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Days post-infection

were infected, and B. hermsii-specific
IgM response was measured by
ELISA. Mean = SD values were
shown. Statistically significant differ-
ences between the wt and MyD88 /'~
mice were indicated with % (p <
0.001). B, Bacteremia was measured

Huned 1o snd ool 1

by microscopic counting. Each plot
represents bacteremia in an individual
mouse. The broken line indicates the
detection limit for bacteremia. § indi-
cates death of mouse.

density (215,000 = 118,000 vs 55,000 = 17,000 per ul blood; p <
0.02) and duration (4.8 = 1.2 vs 2.4 = 0.6 days; p < 0.005) of the
first episode of bacteremia was significantly higher and prolonged
in the Btk™'~ mice compared with wt mice (Table I). Neverthe-
less, Btk™’~ mice were capable of controlling bacteremia with
delayed kinetics (Fig. 1D), similar to that observed for xid mice
(7). These results indicated that immunostimulatory pathways in-

0 7 14 21 28 35 42 49

Days post-infection

dependent of Btk and T cells contribute to the development of an
Ag-specific IgM response during bacteremia.

MyD88-mediated signaling plays an important role in
controlling B. hermsii bacteremia

The TLR signaling system has been shown to play an important
role in controlling adaptive immune responses (17). B. hermsii

Table II. B. hermsii bacteremia in mice deficient in adaptors required for TLR signaling

Bacteremia (mean = SD)“

First episode

Second episode Third episode

Peak density Duration Significance” Peak density ~ Duration Significance”  Peak density ~ Duration Significance”
Genotype (n)  (X1000/ul) (days) (p value) (X1000/pl) (days) (p value) (X 1000/l (days) (p value)
wt 9) 37 £ 10 23 +0.7 9+6 22 *0.8 6*4 14+05
MyD88™/~ (7) 1106 + 148 12.7 +3.7 <0.0001 873 =167 6.9 £2.5 <0.0001 557 =136 3.7 *£0.5 <0.0001
(<0.0001) (<<0.0001) (<0.0001)

Mal ™/~ @) 155*129 50*x27 <0.02(<0.02) 122*154 43=*3.7 <0.05(N.S. 46 *+ 36 1.9+ 14 <0.005(N.S.)
Trif '~ (8) 44 = 11 25*05 N.S. 14x7 1.6 £ 0.5 N.S. 9*6 1.5*0.8 N.S.
Tram ™/~ 7 43 = 16 2104 N.S. 52 1.6 £ 0.5 N.S. 8§+9 1.7x1.0 N.S.

@ Mice were infected i.v. with 4 X 10° B. hermsii DAH-p1. Bacteremia was measured by microscopic counting.
” The difference in the peak density or the duration of bacteremia in wt (C57BL/6J) mice was compared with that of mice deficient in TLR adaptors by Student’s 7 test. Two-
tailed p values were given. Values of p for duration were given in parenthesis. N.S. denotes not statistically significant.
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Table III.  B. hermsii bacteremia in mice deficient in specific TLR signaling pathways

Bacteremia (mean = SD)“

First episode Second episode Third episode

Peak density Duration Significance”  Peak density Duration Significance” Peak density Duration Significance”
Genotype (n) (X1000/ul) (days) (p value) (X1000/ul) (days) (p value) (X1000/ul) (days) (p value)
wt (5) 55 17 24 * 0.6 6=*2 1.3 0.6 5+1 1204
TIr2™"~ 9) 471 =121 3.9 *0.6 <0.0001 NA: died
(<0.001)
Tirl ™/~ ) 279*=117 43=*15 <0.005 198 £ 134 60*x14 <0.02 119 £ 93 46*09 <0.05
(<0.05) (<0.0001) (0.0001)
CDI4™/~  (6) 226+26 3.7*=0.5 <0.0001 64 = 51 3.5 *+0.8 <0.05 47 £ 32 3010 <0.02
(<0.005) (<0.001) (<0.005)
Tird ™"~ (6) 165+ 110 32=%*1.2 N.S. 25 £ 25 25+ 1.1 N.S. 31 +23 1.8 £0.8 <0.05(N.S.)
TIr6™/~ (6) 203 2.0*0.0 N.S. 105 1.5*0.5 N.S. 5%5 12+04 N.S.
TIr9 '~ 5) 27*+6 2.0=0.0 N.S. T2 14 =05 N.S. 4+4 14 =05 N.S.
MD2~/~ (5) 29 £ 6 2.0*0.0 N.S. 32 1.2x0.5 N.S. 5*10 14+05 N.S.
TIr3 ™/~ 5) 72 = 36 22=*05 N.S. T2 1.2 *+0.5 N.S. 106 1.2 0.5 N.S.
IL-IR™™ (5) 45+3 2.0*0.0 N.S. 9+3 1.2x0.5 N.S. 3+x2 1.2+05 N.S.

@ Mice were infected i.v. with 4 X 10° B. hermsii DAH-p1. Bacteremia was measured by microscopic counting.
” The difference in the peak density or the duration of bacteremia in wt (C57BL/6J) mice was compared with that of mice deficient in specific TLRs, CD14, MD2, or IL-1R
by Student’s ¢ test. Two-tailed p values were given. Values of p for duration were given in parenthesis. N.S. denotes not statistically significant. NA, Not applicable.

possesses a number of potential TLR ligands, such as lipoproteins
(31) and CpG DNA, that could activate distinct members of TLR
family, thereby generating functional redundancy in TLR(s) sig-
naling. MyD88 is a common cytoplasmic adaptor for all TLRs
except TLR3, so we investigated B. hermsii infection in mice de-
ficient in each one of the four known TLR adaptors.

MyD88 '~ mice were delayed in the generation of specific IgM
(Fig. 2A). The delay in the generation of B. hermsii-specific IgM
correlated with more severe and prolonged episodes of bacteremia
(Fig. 2B). For instance, the bacterial burden during primary epi-
sode in MyD88 /" mice was ~20-fold higher than that of the wt
mice, and the duration of bacteremia was significantly prolonged
(Table II). Consistent with the significant impairment in control-
ling B. hermsii infection (Table II), a fraction of MyD88 '~ mice
died during episodes of severe bacteremia (Fig. 2B). Although
MyDS88 is known to play a role in IL-1R signaling in addition to
TLR signaling (17), the defect in controlling B. hermsii bacteremia
by MyD88 /" mice was not due to this activity because IL-1R
plays no apparent role in limiting B. hermsii bacteremia (Table
III). Mice deficient in the adaptor Mal, exhibited a moderate sus-
ceptibility compared with MyD88 '~ mice (Fig. 2B). The mean
bacterial density during the primary episode in Mal ™'~ mice was
significantly higher compared with wt mice (Table II). The dura-
tion of bacteremic episodes were significantly prolonged (Table
D). Surprisingly the kinetics of anti-B. hermsii IgM response in
Mal '~ mice was indistinguishable from that of wt mice (Fig. 2A).
Mice deficient in Trif and Tram adaptors (17) controlled B. hermsii
comparably to wt mice (Table II), and generated anti-B. hermsii
Ab responses as efficiently as wt mice (data not shown). These data
demonstrate that of the TLR adaptors, MyD88 plays the most cru-
cial role in the rapid IgM response to B. hermsii infection.

TLR2- and TLRI-mediated signaling contributes to
anti-B. hermsii IgM response

TLR2 employs MyD88 and Mal as its proximal adaptors for ini-
tiating its signaling cascade (17), and we found severe bacteremia
in mice deficient in these two adaptors (Fig. 2B and Table II)
suggesting a role for TLR2 in anti-B. hermsii response. Moreover,
the outer membrane of B. hermsii is predominantly composed of
lipoproteins (31), which can be recognized by TLR2 (32).

To examine a role for TLR2, we infected TLR2 ’/~ mice and
found that compared with wt mice, the B. hermsii-specific IgM
response was significantly delayed and reduced in TLR2 ™/~ mice
(Fig. 3). Correspondingly, the mice suffered an order of magnitude
higher bacterial burden than wt mice during the first episode (Ta-
ble III). Unexpectedly, after resolution of bacteremia, a large per-
centage of TLR2 ™/~ mice succumbed to B. hermsii infection. Al-
though the lethality of B. hermsii infection in these mice is
striking, the timing of death, after bacterial clearance, indicates
that it was not simply due to high levels of bacteremia, and the
mechanism of death in these mice is the subject of a separate study.

Heterodimerization of TLR2 with either TLR1 or TLR6 could
facilitate specific recognition of triacylated or diacylated microbial
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FIGURE 3. Involvement of specific TLRs in IgM response and protec-
tion against B. hermsii. Wt (C57BL6; n = 5), T2/~ (n = 9), Tlrl '~
(n=6),CDI4™"" (n=6), Th9™’~ (n = 5) or TIrd™'~ (n = 6) mice were
infected i.v. with 5 X 10* B. hermsii DAHp-1. Blood was sampled on
indicated days; bacteremia and B. hermsii-specific IgM was measured as in
Fig. 2 legend. Statistically significant differences between wt and mutant
mice were indicated with p values <0.05 () and <0.005 ().
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FIGURE 4. Analysis of mature B cell subsets and Ab responses in Btk and MyD88-deficient mice. A, Peritoneal cavity cells of were harvested
and stained with Abs specific for IgM, IgD, and Macl or CD5 and analyzed by flow cytometry. All B cells were first identified by IgM and/or IgD
positivity (plots not shown) and were further resolved as B1 (e.g., Bla plus B1b) or Bla populations by Macl or CDS5 positivity, respectively. The
frequency values of B1 and Bla cells among the total B cells were shown. Frequency values indicated in the parentheses represent the percentage
of these populations among the total peritoneal cavity cells. The frequency of B1b cells was inferred from the values obtained from subtraction of
the percentage of Bla (CD5") from the percentage of all B1 cells (Macl™). The data were generated by analyzing a minimum of 20,000 cells and
are representative of 3—-5 mice. Five percent contour plots are shown. B, Spleen cells were stained with Abs specific for B220, CD21, and CD23
and analyzed by flow cytometry. All B cells were first identified by B220 positivity (plots not shown) and were further resolved as MZ B (CD23'*"
and CD21"2") and FO B cells (CD23"#" and CD21'%) and their frequencies were indicated within the plots. C, Total IgM (circles) and IgG
(triangles) levels in the blood were determined by ELISA. Wt (n = 8), Btk /*°" ¥ and MyD88 " (n = 6), MyD88 ™/~ (n = 8), Btk /*°" Y (n = 10)
and DKO (n = 15). Each symbol represented a mouse and the mean Ab levels were indicated with a solid line. The differences in the IgG levels
in all these groups of mice were not statistically significant. The IgM levels in Btk ’~ °* ¥ and DKO mice were indistinguishable but significantly
different from that of wt or MyD88 '~ mice (p < 0.0001). D, wt (n = 4) or DKO (n = 4) mice were immunized with alum precipitated NP-CGG.
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Table IV. Analysis of the mature B cell subsets in wt, Btk-deficient, MyD88-deficient or BtkxMyD88 DKO mice

Peri ) TeMhigh/iow
Peritoneum: TgDhieh/iow Bla cells B1b cells

Genotype (n) (cell count X10%) Significance” (%) Significance” (%) Significance”
wt 5) 498.6 = 182.2 419 = 8.6 222 +9.2
MyD88 '~ 3) 698.2 + 98 39.3 £ 10.0 N.S. 250 = 13.7 N.S.
Btk /oY (@) 73.6 =332 <0.005 4.0+28 <0.0001 3.7+20 <0.01
Btk ™/~ °*Y X MyD88 '~ (DKO) (5) 124.5 = 36.2 <0.005 11.0 + 3.6 <0.0001 22+ 1.7 <0.005

Spleen: B220" FOB cells MZB cells

Genotype (n) (cell count X 10°) Significance” (%) Significance” (%) Significance”
wt 5) 204 + 47 769 + 1.5 94+ 1.6
MyD88 ™/~ 3) 275+ 155 815+ 1.6 N.S. 72+0.7 N.S.
Btk /oY (@) 56=*1.1 <0.0001 58232 <0.0001 75+0.6 N.S.
Btk ™/~ °*Y X MyD88 '~ (DKO) (5) 44+09 <0.0001 729 = 3.8 N.S. 99+ 1.5 N.S.

¢ The phenotype of lymphocyte populations was determined by flow cytometry as described in the legend of Fig. 4, A and B, and in experimental procedures. The absolute

numbers of cells in the peritoneal cavity wash or in spleen was determined by microscopic counting. The frequencies of Bla and B1b cells among the total B cells (i.e. Ig

Mhigh/low

IgDMeow) were given. The frequencies of FO B and MZ B cells among the total B220™ cells in the spleen were given.
” The difference in the cell counts or cell frequencies between wt (C57BL/6J) and mutant mice was determined by Student’s t test and two-tailed p values were given. N.S.

denotes not statistically significant.

lipoproteins, respectively (17). We found that, similar to TLR2 ™/~
mice, TLR1~/~ mice exhibit an IgM response that was both di-
minished and delayed relative to wt (Fig. 3). This muted response
corresponded to significantly prolonged episodes of bacteremia
(Table III). In contrast, TLR6 '~ mice generated anti-B. hermsii
IgM and cleared bacteria indistinguishably from wt mice (Table III
and data not shown). These results suggest that triacylated but not
diacylated lipoproteins drive TLR2-mediated stimulation (Fig. 3).
Consistent with a role for CD14 in augmenting the TLR2 response,
we also found that CD14 ™/~ mice generated a delayed IgM re-
sponse (Fig. 3) and suffered more severe bacteremia than wt mice
(Table III).

TLRY-mediated signaling is not required for controlling
B. hermsii

The generation of B. hermsii-specific IgM responses and the con-
trol of B. hermsii bacteremia in TLR2 ™/~ mice, albeit with delayed
kinetics, indicated that other TLRs might also play a role elimi-
nating B. hermsii. By virtue of being a prokaryote, B. hermsii is
expected to contain unmethylated CpG DNA in its genome, which
is recognized by TLR9 (25). More importantly, TLR9 has been
shown to activate autoreactive B cells (33) and memory B cells
(34), indicating a possible role for TLRY in the development of
rapid as well as long-lasting Ab responses to B. hermsii. Despite
these expectations, we found that TLRO ™/~ mice generate rapid
IgM responses comparable to those of wt mice (Fig. 3) and do not
suffer more severe bacteremia than the wt mice (Table III). These
results demonstrate that TLRY is not essential for controlling B.
hermsii bacteremia.

TLR4-mediated signaling plays a minor role in controlling
B. hermsii infection

Lack of a role for TLR9 prompted us to examine the potential
involvement of other members of the TLR family. CD14 is not
only involved in TLR2 signaling but also in TLR4-mediated sig-
naling, and although B. hermsii does not contain LPS, it was
shown that other spirochetal components could be sensed by TLR4
(35). Thus, we infected TLR4 '~ mice and found that the severity

of peak B. hermsii bacteremia was on average 3- to 6-fold higher
than for infection of wt mice, but reached statistical significance
only for the third peak (Table III). The magnitude of the specific
IgM response was also somewhat lower than wt, but the differ-
ences were not statistically significant (Fig. 3). As expected, this
potential TLR4-mediated response did not resemble an LPS-in-
duced response, because mice deficient in MD2, a protein abso-
lutely required for the LPS response (19), did not suffer more se-
vere bacteremia than wt mice (Table III). These results indicate
that B. hermsii may also signal through TLR4 in addition to TLR2,
by a mechanism distinct from that of LPS-induced stimulation. As
expected, given that TLR3 is a receptor for dsSRNA, which is not
predicted to be present in B. hermsii, IgM response (data not
shown) and the magnitude of bacteremia (Table III) in TLR3 /™
mice were indistinguishable compared with wt mice, emphasizing
TLR1, TLR2 and to a lesser extent TLR4, serve a specific function
during B. hermsii infection (Table III).

Severely impaired IgM responses and persistent high-level
bacteremia in mice deficient in both MyD88 and Btk-mediated
signaling

MyDS88 '~ and Btk ™/~ mice each are capable of generating a
specific IgM response to B. hermsii, albeit in a delayed fashion
(Figs. 1B and 2A). We reasoned that MyD88 and Btk might gen-
erate signals that play a synergistic or partially redundant role in
the specific IgM response, in which case mice defective in both
signaling pathways might be severely impaired in their ability to
control B. hermsii bacteremia. To test this, we generated Btk and
MyD88 DKO mice, here after referred to as DKO, by intercrossing
Btk~’~ and MyD88 /" mice (data not shown).

We first analyzed DKO mice for immunologic parameters that
could be related to the ability to resist B. hermsii infection. DKO
mice demonstrated a Bla and B1b cell deficiency comparable to
Btk '~ (Fig. 44; Table IV) or xid mice (7). In addition to B1lb
cells, MZ B cells, which are strategically located in the spleen and
can mount a rapid IgM response to blood-borne particulate Ags
(36), contribute to the control of high-level B. hermsii bacteremia,
particularly early in infection (11). Analysis of spleen cells by flow

Blood was sampled on indicated days and NP-specific IgM and IgG response in 1/500 diluted-blood was measured by ELISA. Kinetics of specific Ab
responses was expressed as OD at 450 nm using NP-BSA as capture reagent. E, The magnitude of NP-specific Ab response in wt and DKO mice was
measured for 7-day postimmunized mice. The specific IgG titer was significantly less in DKO mouse (p < 0.05).
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Table V. B. hermsii burden during primary bacteremic episode in wt, Btk-deficient, MyDS88-deficient or

BtkxMyD88 DKO
Bacteremia (mean = SD)¢
Peak density Significance” Duration Significance”

Genotype (n) (X1000) (p value) (days) (p value)
wt (12) 44 =22 2.6 +0.7
Btk /" °rY X MyD88 /" (6) 59 =43 N.S. 23 +0.5 N.S.
Btk /oy (13) 257 £ 98 <0.0001 6.1 =2.1 <0.0001
MyD88 /"~ (11) 831 * 439 <0.0001 97 49 <0.0001
Btk™/~ 'Y X MyD88/~ (DKO)  (18) 1171 * 455 <0.0001 >21 <0.0001

@ Mice were infected i.v. with 4 X 10° B. hermsii DAH-p1. Bacteremia was measured by microscopic counting.
" The difference in the peak density or the duration of the primary bacteremic episode in wt (C57BL/6J) mice was compared
with that of mutant mice by Student’s ¢ test. Two-tailed p values were given. N.S. denotes not statistically significant.

cytometry revealed that, similar to Btk™’~ mice (16), the fre-
quency of MZ B cells in DKO mice was comparable to that of wt
mice (Fig. 4B; Table IV). As expected the absolute numbers of MZ
B and FO B cell subsets were significantly reduced (Table IV), as
it was known that defective BCR signaling due to Btk mutation
results in a less severe FO B and MZ B cell subset deficiency than
B1 cell subsets (16).

The finding that DKO mice carry populations of Bla, B1b, and
MZ B cells comparable to that of Btk™’~ mice was reflected in
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FIGURE 5. Btk/MyD88-mediated signaling is essential controlling
B. hermsii infection. Wt (C57BL6), Btk ~/~, MyD88 /™ mice or mice
deficient in both Btk and MyD88 (DKO) were infected i.v. with 5 X 10*
B. hermsii DAHp-1. Blood was sampled on indicated days, bacteremia
and B. hermsii-specific IgM were measured as in Fig. 2 legend. Each
plot represents an individual mouse.

their basal levels of Ab. The levels of IgM in xid and Btk '~ mice
are lower than wt (16), and as predicted, the levels in DKO mice
were similarly reduced (Fig. 4C). In contrast, littermate controls
heterozygous for both mutations showed IgM levels indistinguish-
able from either wt or MyD88 '~ mice. The overall IgG levels of
DKO mice were comparable to wt, Btk ’~, or MyD88 '~ mice
(Fig. 4C). Although it is known that the relative concentrations of
different IgG subclasses in MyD88 /~ and Btk~’~ mice are dis-
tinct (37, 38), we did not analyze the subclasses because 1gG is
dispensable for the rapid clearance of B. hermsii (10).

Neither Btk nor MyD88 are required for an efficient response to
alum-precipitated TD Ags (16, 39), and to test whether DKO mice
respond normally to such Ags, they were immunized with alum-
precipitated NP-CGG. These mice generated specific IgM and IgG
with kinetics similar to that of wt mice (Fig. 4D). Moreover, the
magnitude of the NP-specific IgM response was also comparable
between wt and DKO mice (Fig. 4F). Although the magnitude of
the IgG response in DKO mice was somewhat less than that of wt
mice, it was still quite robust (Fig. 4F) and comparable to that of
Btk™’~ mice (38). These results demonstrated that many of the B
cell and IgM parameters for DKO mice are similar to those of
Btk ™/~ mice, and that simultaneous disruption of Btk and MyD88
does not compromise their ability to mount a TD Ab response.

Heterozygous littermates were capable of generating B. hermsii-
specific IgM (data not shown) and controlling infection as rapidly
and efficiently as wt mice (Table V). Compared with wt mice, the
Btk ™/~ and the MyD88 ™/~ mice were delayed in their IgM re-
sponse by one and two days, respectively (Fig. 5). We next tested
whether MyD88 and Btk provide synergistic or partially redundant
functions in triggering an Ab response to B. hermsii. DKO mice
were strikingly compromised for IgM production and bacterial
clearance (Fig. 5). Indeed, DKO mice were incapable of even tran-
sient clearance of bacteria, and suffered persistent bacteremia at
levels ~20-fold higher than that found in wt mice or heterozygous
littermates (Table V). These results suggest that TLR stimulation
facilitates BCR-mediated responses leading to the production of
Ag-specific IgM, and in fact, in the absence of normal BCR sig-
naling due to the lack of Btk, this MyD88-mediated response is
essential to the control of B. hermsii infection.

Discussion

The ability of the immune system to generate a rapid and patho-
gen-specific TI Ab response during bacterial infection can prevent
serious pathological consequences. In the current study, we con-
firmed our previous finding that Btk plays a role in, but is not
entirely essential for, the development of an anti-B. hermsii IgM
response, suggesting that an alternative activation or costimulatory
signal remained functional for TI B cells in these mice. The only
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costimulatory pathway previously shown to promote an Ag-spe-
cific response in Btk™’~ mice involves engagement of CD40 by
CD40L during B cell responses to TD Ags (38). Although artificial
stimulation of CD40 by the administration of anti-CD40 Abs to xid
mice restores responsiveness to TI-2 Ags such as NP-Ficoll (40),
engagement of CD40 by CD40L occurs primarily during cognate
interaction of T and B cells (41), indicating that this pathway is
unlikely to play a role in the TI response to B. hermsii. The ob-
servation that CD40L '~ mice generate a robust TI IgM response
to the related bacterium B. burgdorferi supports this notion (42).

To determine what signaling cascades might contribute to the
activation of B. hermsii-specific B cells in the absence of Btk, we
investigated the effect of TLR signaling on the generation of anti-
B. hermsii IgM and the clearance of bacteremia. Mice deficient for
TLR2 or TLR1 were defective in their IgM response to B. hermisii,
and correspondingly were delayed in clearing bacteria from the
bloodstream, indicating a role for TLR signaling in the activation
of B. hermsii-specific B cells. The (mild) defect in bacterial clear-
ance displayed by TLR4 mice suggested that multiple TLR’s
might provide redundant signaling during B. hermsii infection.
Consistent with this, the defect of MyD88-deficient mice in clear-
ing bacteremia was more severe than that observed for mice de-
ficient in any single TLR, and a fraction of infected MyD88-defi-
cient mice died during peak bacteremia. (TLR2-deficient mice also
suffered significant mortality, but death occurred by unknown
mechanisms several days after peak bacteremia; Fig. 3 and data not
shown.) It was recently reported that transfer of convalescent se-
rum but not naive serum from wt mice diminishes the bacterial
burden in MyD88 ~/~ mice (43), demonstrating an important role
for specific Abs in the protective immunity even in the absence of
MyD88. The generation of a specific (albeit delayed) Ab response
in MyD88 /™ mice detected in the current study (Fig. 2A) suggests
a role for both MyD88-dependent and MyD88-independent path-
ways in protective immunity. Mice deficient in Mal, an adaptor
that also participates in TLR2 and TLR4 signaling (17), displayed
a milder defect in bacterial clearance than the MyD88 /™ mice,
raising the possibility that this adaptor might provide partially
overlapping function. It is noteworthy, that the phenotype of bac-
teremia in Mal ™/~ mice (Table II) was less severe than that in
TLR2™/~ mice (Table III). For example, the peak bacterial density
(155,000 = 129,000 vs 471,000 = 121,000 per microliter of
blood; p < 0.005) of the first bacteremic episode was significantly
higher in TLR2 ™/~ mice than that in Mal ™/~ mice. Moreover, the
kinetics of specific IgM response was delayed in TLR2™/~ (Fig. 3)
and MyD88 '~ (Fig. 2A) but not in Mal "~ mice (Fig. 24), sug-
gesting that a Mal-independent TLR2 signaling also plays an im-
portant role in controlling B. hermsii infection. The involvement of
TLR2 and MyD88 in the development of a specific Ab response
during B. hermsii infection contrasts with the observation that
these molecules are not required for the generation of pathogen-
specific Ab during B. burgdorferi infection (44—46).

MyD88 plays a central role in the response to LPS, the proto-
typic TI-1 Ag. LPS can stimulate B cells via TLR4 regardless of
their BCR specificity, resulting in a relatively nonspecific Ab re-
sponse, particularly in the context of high Ag load. In the present
study, MyD88 '~ mice generated B. hermsii-specific IgM, albeit
with delayed kinetics, indicating that B. hermsii does not behave
like a typical TI-1 Ag. Furthermore, given that the bacterium gen-
erated a vigorous B. hermsii-specific IgM response in Btk ~/~ mice
(Fig. 1, B and C), B. hermsii does not appear to stimulate a TI-2
response, which are severely impaired in the absence of Btk (16)
but not MyD88 (39). Therefore, our results suggest that B. hermsii
induces a TI response that does not resemble a typical TI-1 or TI-2
response. A completely impaired IgM response in mice lacking

both Btk and MyD88 (DKO) suggests that this TI response might
involve a combination of TI-1 and TI-2 components of B. hermisii.

It is likely that multiple components of B. hermsii contribute to
the induction of a TI Ab response. The TLR1/2 heterodimer fa-
cilitates recognition of triacylated lipoproteins, and although B.
hermsii lipoproteins have not been characterized in detail, the ma-
jor lipoproteins OspA and OspB of B. burgdorferi are triacylated
(47), and TLR1- and TLR2-deficient mice are hyporesponsive to
purified OspA (48), suggesting that the abundant lipoproteins of B.
hermsii (31) may be an important trigger of the TLR signal. In-
terestingly, despite the prediction that spirochetal DNA might be
an important ligand for TLR9, TLR9-deficient mice displayed no
defect in generating specific Ab or clearing bacteremia.

The most striking result of this study was that while production
of Ag-specific IgM, and therefore BCR signaling, by B. hermsii
remained relatively robust in the absence of Btk alone, the dual
absence of Btk and MyDS88 entirely abrogated Ab production. The
response to alum-precipitated CGGs, a widely used TD model Ag,
was unaffected in DKO mice, indicating that the CD40-CD40L
costimulatory pathway is likely intact. These results implicate
MyD8S in the promotion of a productive TI BCR signal-indeed, in
the absence of Btk, MyD88 is a required component of this signal.
The role of TLR-stimulation in BCR signaling could be entirely
intrinsic to the Ag-specific B cell. For example, although no role
for TLRY was found in activation of B. hermsii-specific B cells in
this study, dual engagement of BCR and TLRY activates autore-
active B cells (33), and it has been proposed that TLRY is critical
to the maintenance of memory B cells (34). The cytoplasmic do-
mains of several TLRs, as well as other molecules that are in-
volved in the downstream TLR signaling cascade, interact with
Btk (49), and Btk phosphorylates Mal during TLR2 or TLR4 sig-
nal transduction. Alternatively, TLR2 and TLR4 are highly ex-
pressed on monocytes, neutrophils, macrophages and dendritic
cells (50, 51), raising the possibility that TLR-stimulated responses
generated by innate immune cells in response to B. hermsii infec-
tion could provide signals leading to costimulation of Ag-specific
B cells (52-54). Identification of the relevant TLR-bearing im-
mune cells and further investigation into the mechanism by which
TLRs are capable of driving efficient Ab responses from even a
weak BCR signal during B. hermsii infection may provide strate-
gies to induce rapid TI responses to prevent or treat bacteremia.
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