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Delays and Diversions Mark the Development of B Cell
Responses to Borrelia burgdorferi Infection

Christine J. Hastey, Rebecca A. Elsner, Stephen W. Barthold, and Nicole Baumgarth

B cell responses modulate disease during infection with Borrelia burgdorferi, the causative agent of Lyme disease, but are unable to
clear the infection. Previous studies have demonstrated that B. burgdorferi infection induces predominantly T-independent B cell
responses, potentially explaining some of these findings. However, others have shown effects of T cells on the isotype profile and the
magnitude of the B. burgdorferi-specific Abs. This study aimed to further investigate the humoral response to B. burgdorferi and its
degree of T cell dependence, with the ultimate goal of elucidating the mechanisms underlying the failure of effective immunity to
this emerging infectious disease agent. Our study identifies distinct stages in the B cell response using a mouse model, all marked
by the generation of unusually strong and persistent T-dependent and T-independent IgM Abs. The initial phase is dominated by
a strong T-independent accumulation of B cells in lymph nodes and the induction of specific Abs in the absence of germinal
centers. A second phase begins around week 2.5 to 3, in which relatively short-lived germinal centers develop in lymph nodes,
despite a lymph node architecture that lacks clearly demarcated T and B cell zones. This response failed, however, to generate
appreciable numbers of long-lived bone marrow plasma cells. Finally, there is a slow accumulation of long-lived Ab-secreting
plasma cells in bone marrow, reflected by a strong but ultimately ineffective serum Ab response. Overall, the study indicates that
B. burgdorferi might evade B cell immunity by interfering with its response kinetics and quality. The Journal of Immunology,

2012, 188: 000-000.

dorferi and transmitted via Ixodes spp. ticks, is the most
common arthropod-borne illness in the United States and
Europe (1, 2). Disease manifestations of acute Lyme borreliosis
include flu-like symptoms, often accompanied by erythema
migrans at the site of the tick bite, and regional lymphadenopathy
(3, 4). We recently developed a mouse model of infection with
host-adapted B. burgdorferi spirochetes that closely mimics the
clinical course of tick-borne infection and can serve as a model for
studies on disease progression and immune response development
(5). Later-stage Lyme borreliosis often involves the neurologic
system, carditis, and/or arthritis, manifestations that undergo bouts
of sporadic remission during persistent infection (3). Immuno-
competent hosts living in endemic areas can be reinfected (6, 7),
indicating a lack of functional immune-mediated memory re-
sponses. The mechanism underlying this lack of a functional adap-
tive memory response has not been determined.
The importance of the adaptive immune system in controlling
the disease manifestations, but not the infection itself, has been
demonstrated in previous studies (8—10). B. burgdorferi-infected
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SCID and RAG ™'~ mice, lacking both B and T cells, have per-
sistent and severe arthritis without spontaneous remission. B cells
seem to be primarily responsible for control of disease progression
and resolution observed in wild-type mice, as B cell deficiency
resulted in more severe disease, whereas T cell deficiency had
little impact on arthritis resolution and the development of other
inflammatory disease manifestations in C57BL/6 mice (10). In
fact, adoptive transfer of CD4* T cells into RAG ™'~ mice prior to
B. burgdorferi infection increased arthritis and carditis severity,
and CD8" T cell transfer increased arthritis severity (11).

The role of T cells in the generation of protective B cell
responses to B. burgdorferi infection is insufficiently explored.
Mice deficient in CD40L generated Abs that conferred passive
protection, and immune sera from T cell-deficient mice were as
protective as control sera (12). In contrast, serum Ab responses to
both B. burgdorferi lysate and one of its Ags, decorin binding
protein A (DbpA), showed greatly reduced titers and changes in
their Ab isotype profile in CD40L ™'~ compared with wild-type
mice (10). Thus, although T cell-independent Ab appears suffi-
cient for protection, T cells can amplify and regulate the quality
of the B. burgdorferi-specific Ab response. Support for a role of
B. burgdorferi-specific Abs in B cell-mediated disease resolution
comes from studies showing that passive transfer of serum from
infected, but not naive, immune-competent mice results in arthritis
and carditis resolution in SCID mice (13). Despite this Ab-
mediated resolution of disease, spirochetes persist in tissues, in-
dicating a profound lack of effectiveness of Abs in removal of
tissue-resident B. burgdorferi.

High titers of B. burgdorferi-specific Ab responses against B.
burgdorferi lysates can be found in the serum of infected humans
(14) and in experimentally infected animal models, including mice
(15). Notably, passive transfer of immune serum from infected
mice to naive mice protected against later B. burgdorferi challenge
(15). Using serial serum dilutions to titrate protective activity, the
protective capacity of serum from persistently infected mice was
shown to be transient, peaking at day 30 and decreasing thereafter,
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whereas Borrelia Ab responses to B. burgdorferi lysate continued
to increase over time (15). These studies point to shifts in quality
of the B cell response to B. burgdorferi over time that are not
effectively captured by measurement of serum Ab levels to B.
burgdorferi lysate alone. Furthermore, they indicate an ongoing
dynamic interaction between the host adaptive immune system
and the spirochetes in long-term B. burgdorferi-infected hosts that
ultimately benefits the spirochete, enabling establishment of per-
sistent infections.

This study aimed to explore the dynamics of the B cell response
to B. burgdorferi infection and to determine the extent to which
CD4 T cells regulate this response. Using a previously developed
mouse model that closely mimics tick-borne B. burgdorferi in-
fection (5), we demonstrate unique characteristics of the B cell re-
sponse over the course of infection, indicating multiple points at
which the infection appears to delay, divert, and alter effective
B cell responses to this pathogen.

Materials and Methods

Borrelia burgdorferi

A clonal strain of B. burgdorferi sensu stricto (cN40) was grown in
modified Barbour—Stoenner—Kelley II medium (16) at 33°C and enumer-
ated with a Petroff-Hauser bacterial counting chamber (Baxter Scientific,
McGaw Park, IL) for inoculation of SCID mice.

Mice and infections

Eight- to twelve-week-old female or male C57BL/6J (B6), C57BL/6.CB17-
Prkdc*™/SzJ (SCID), CD40L-deficient B6.129S2-Cd40lg™"™/J (CD40L "),
and ICOS-deficient B6.129P2-Icos™ ™ /J (ICOS™'7) mice were obtained
from The Jackson Laboratory. BALB/cAnNHsd (BALB/c) were obtained
from Harlan Laboratories. Breeding pairs of B6.129SVEv-SAP ™/~
(SAP™'7) mice were a generous gift of Pamela Schwartzberg (17). All
mice were maintained in microisolator cages and kept under conven-
tional housing conditions.

Mice were infected with tissue-adapted spirochetes by transfer of ear
tissue from SCID mice, infected for at least 14 d, into the right hind leg
under skin of recipients as described previously (5) or received transfer
of uninfected ear tissue from SCID mice (sham infection). To compare
responses in the gene-targeted mice to those of wild-type (WT) control
mice, WT mice were analyzed simultaneously in each experiment to ac-
count for any differences introduced by the infection with B. burgdorferi-
infected tissues. To generate B. burgdorferi-infected tissue for transplan-
tation, SCID mice were infected via s.c. injections with 10* B. burgdorferi.
Infected SCID mice were euthanized, and ear tissues were cleaned with
70% ethanol and diluted Nolvasan (Pfizer) before removal. Lateral tail vein
blood collections were performed to obtain serum. For influenza infection,
BALB/c mice were infected intranasally under isoflurane anesthesia with
a sublethal dose of A/PR/8 (HIN1) corresponding to 10 PFU in 40 pl PBS
per mouse. Virus was grown in embryonated hen eggs, and PFUs were
established as described (18). Mice were euthanized by overexposure to
carbon dioxide. All studies were conducted according to protocols ap-
proved by the University of California, Davis, Animal Use and Care
Committee.

CD4 T depletion

B6 mice were given i.p. either 0.3 mg anti-CD4 (GK1.5) mAb, purified from
tissue culture supernatants via protein G affinity chromatography, or
polyclonal rat isotype control Ab (Sigma) on day —3. On days 0 and 6,
mice were given an additional dose of 0.1 mg of respective Abs. Two mice
from each group were euthanized at day 0, and spleens and right inguinal
lymph nodes were collected to confirm CD4 T cell depletion by FACS
analysis using anti-CD4 (RM4.5) Ab. Quantification of CD4 T cells was
also performed on spleens and right inguinal lymph nodes at day 10
postinfection. Analysis showed that anti-CD4 depletion removed >99.5%
of CD4 T cells in those tissues.

Flow cytometry

Single-cell suspensions from inguinal lymph nodes and spleens were
stained as previously described (5). Briefly, after Fc receptor blocking, the
following Ab conjugations were used at predetermined concentrations:
CXCRS5-biotin, CD11a—Cy7PE, CD138-PE (all BD Pharmingen), CD4—
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Alexa 750 (RM4.5), CD3e-biotin, CD44—-allophycocyanin, ICOS-PE,
CD19-Cy5PE, CD3-allophycocyanin Efluor 780 (all eBioscience), CD4—
FITC (GK1.5), CD8a-Cy5.5PE, CD38-PE, CD24-Cy5PE (all in-house
generated), and streptavidin—Qdot605 (Invitrogen). CXCRS5-biotin stain-
ing was performed first at 37°C for 30 min, and the subsequent steps were
performed on ice for 20 min. Dead cells were identified by staining with
live/dead violet stain (Invitrogen by Life Technologies) on ice for 30 min.
Data acquisition was performed on a 13-color FACSAria instrument (BD
Biosciences) (19). Data were analyzed using FlowJo software (kind gift
from Adam Treister).

Histology and immunofluorescence

Lymph nodes were fixed in neutral buffered formalin, embedded in paraffin,
sectioned at 4 wm thickness, and then stained with H&E. Other lymph
nodes were frozen on dry ice in Tissue-Tek OCT (Sakura) and stored at
—80°C until sectioned. Five-micrometer sections were cut on a Leica
cryostat and dried onto Superfrost/Plus slides (Fisher Scientific) at room
temperature overnight. Slides were fixed for 10 min in ice-cold acetone,
dried for 1 h, rehydrated in PBS plus 0.1% BSA, pH 7.2, for 30 min, and
nonspecific staining was blocked with immunofluorescence staining buffer
(PBS plus 0.1% BSA plus 1% normal horse serum). Sections were stained
with anti-CD4-Efluor 450 (RM4-5; eBioscience) and either peanut ag-
glutinin (PNA)-biotin (Vector Labs) or CD45R-biotin (in-house gener-
ated) in immunofluorescence staining buffer at room temperature for 2 h.
Slides were washed twice in PBS and once in PBS plus 0.1% BSA for
5 min each and stained with anti-IgD-FITC (in-house generated) and
streptavidin—Alexa Fluor 594 (Invitrogen) in immunofluorescence staining
buffer for 1 h. Slides were washed three times in PBS and mounted with
Fluoromount-G (Southern Biotech). Images were collected on an Olympus
BX61 microscope with an Olympus DP72 color camera and were pro-
cessed with MetaMorph (Molecular Devices) and ImageJ (National
Institutes of Health) software.

ELISPOT assay and ELISA

To probe for B. burgdorferi-specific Ab-producing cells, 96-well plates
(Multiscreen HA filtration; Millipore) were coated overnight with four
immune prevalent recombinant B. burgdorferi proteins all generated based
on the N40 sequence, 1 pwg/ml DbpA and 2 pg/ml each for outer surface
protein C (OspC), arthritis related protein (Arp), and Borrelia membrane
protein A (BmpA) or B. burgdorferi lysate (Fig. 4G) in PBS, generated as
previously described (5). We previously established their relative sero-
reactivity after B. burgdorferi infection. Furthermore, measurement of
each of those protein-specific Ab responses showed higher Ab titers than
measurement of serum against B. burgdorferi lysate generated by soni-
cation from culture-grown B. burgdorferi. Presumably, this is because the
antigenic nature of culture-grown B. burgdorferi is distinct from that of
spirochetes in mammalian hosts (5). In addition both anti-DbpA and anti-
OspC responses can provide passive immune protection, and anti-Arp Abs
have arthritis-resolving capacity (20). For influenza-specific ELISPOT
assays, plates were coated with 2000 HAU/ml influenza A/PR8 (18). After
blocking with 4% BSA in PBS, cell suspensions in medium (RPMI 1640,
292 wg/ml L-glutamine, 100 pg/ml penicillin and streptomycin, 10% heat-
inactivated FCS, and 0.03 M 2-mercaptoethanol) were placed in the
starting well and 2-fold serially diluted. Cells were incubated at 37°C
overnight then lysed with water. Ab binding was revealed by adding biotin-
conjugated anti-IgM (Southern Biotech) or anti-IgH+L (Southern Biotech)
in 2% BSA in PBS for 2 h, followed by streptavidin-HRP incubation
(Vector Laboratories) in 2% BSA in PBS for 1 h and revealing with 3-
amino-9-ethylcarbazole (Sigma-Aldrich) for 10 min. Plates were dried,
and mean spots were counted in all wells with visible spots using a ste-
reomicroscope. Mean numbers = SD were calculated from cell counts of
all wells with countable spots.

B. burgdorferi-specific ELISAs were performed by coating 96-well
plates (Maxisorb; Thermo Fisher Scientific) with four recombinant B.
burgdorferi proteins as for ELISPOT assay in PBS overnight. Influenza-
specific ELISAs were performed by coating 96-well plates (Maxisorb;
Thermo Fisher Scientific) with sucrose-gradient purified A/PR8 virus as
for ELISPOT assay in PBS overnight. After blocking with PBS/1% heat-
inactivated calf serum/0.1% milk powder/0.05%Tween 20 for 1 h, serially
diluted serum was added to the plates for 2 h. Plates were washed, and Ab
binding was revealed using biotin-conjugated anti-IgG (Southern Biotech)
followed by a streptavidin-HRP (Vector Laboratories) incubation for 1 h
and then substrate (10 mg/ml 3,3'5,5'-tetramethylbenzidine in 0.05 mM
citric acid, 3% hydrogen peroxide) for 20 min. Reactions were stopped
with 1 N sulfuric acid, and absorbance was read at 450 nm and reference
wavelength of 595 nm using a SpectraMax M5 (Molecular Devices).
Relative units Ab levels were calculated by comparison with a day 60
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immune serum from mice-infected host-adapted spirochetes titrated on the
same plates or hyperimmune serum from mice infected with A/PRS.

Adoptive transfer of bone marrow Ab-secreting cells

Femoral bone marrow from naive B6 mice (n = 4), day 168 B. burgdorferi-
infected B6 mice (n = 5), or day 504 A/PR8-infected BALB/c mice (n =4)
was prepared into single-cell suspensions. Naive non-irradiated B6 or
BALB/c mice received i.v. 2 X 10 cells. The number of Ab-secreting cells
(ASC) was determined by ELISPOT assay prior to transfer. A control
group (n = 4) received 2 X 107 femoral bone marrow cells from uninfected
mice. To ensure that B. burgdorferi was not transferred with donor bone
marrow, heart, spleen, and urinary bladder were tested by quantitative PCR
(qPCR) in recipient mice, and all were found to be negative for B. burg-
dorferi.

qPCR

qPCR was used to detect B. burgdorferi flagellin (flaB) DNA in draining
activated lymph node, as previously described (21). All samples were
assayed with positive and negative controls. DNA was extracted from
tissues with DNeasy kits (Qiagen, Valencia, CA) according to the manu-
facturer’s instructions. Prior to DNA extraction, tissue samples were
weighed. Data are expressed as the number of DNA copies per milligram
of tissue.

Quantitative RT-PCR low-density array

Inguinal lymph nodes from mice infected via tissue transplant at days 0, 10,
and 22 were collected and kept frozen at —80°C until processing. Total
RNA was extracted by the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions. First-strand cDNA was synthesized from total
RNA using the QuantiTect Reverse Transcription Kit (Qiagen) in 50-pl
reactions according to the manufacturer’s instructions. The preampli-
fication reaction was done via activation at 95° for 15 s, amplification for
25 cycles at 95°C for 15 s, 55°C for 15 s, and 70°C for 45 s, followed by
elongation at 70°C for 5 min. Preamplified products were diluted 1:10 and
used as templates for gPCR analysis. All samples were analyzed for the
presence of 18S rRNA to determine the efficiency of the nucleic acid
extraction and amplification.

The synthesized cDNA template from each sample (30 nl) was added to
50 pl of 2X Universal PCR Master Mix (Applied Biosystems) in 100-pl
reaction mixtures. The mixture was added to each line of a micro fluidic
low-density array card (Applied Biosystems) and amplified using an ABI
Prism 7900HT sequence detection system (Applied Biosystems): 2 min at
50°C to 10 min at 94.5°C, followed by 40 cycles of denaturation at 97°C
for 30 s, and annealing and extension at 59.7°C for 1 min.

Primers and probes were designed using Primer Express software
(Applied Biosystems). The amplification efficiency (E) of all assays was
calculated from the slope of a standard curve generated on a 10-fold dilution
in triplicate for every cDNA sample using the formula E = 10¢ 1P —
Detection limits were ~10 copies of cDNA per reaction. The coefficient of
variability for gPCR was 15% or less when determined for 10 replicates.
As a reference gene to normalized transcriptional activity of mouse cytokines,
mouse GAPDH was used.

Results
Lack of CD4 T cell accumulation in lymph node after B.
burgdorferi infection

Regional lymphadenopathy is a common sign of infection with
B. burgdorferi and is successfully mimicked in our mouse model
using tissue-adapted spirochetes for infection (5). Our previous
study showed that increased lymph node cellularity shortly post-
infection was attributable in large part to the accumulation of
CD19" B cells, some of which contributed B. burgdorferi-specific
Abs, but not T cells. This led us to analyze more closely the ac-
tivation of CD4 T cells in the lymph nodes of B. burgdorferi-
infected mice. To determine the extent to which CD4 T cells are
activated and contribute to the regulation of B. burgdorferi-spe-
cific B cell responses, we first conducted a time-course analysis on
single-cell suspensions from the draining right inguinal lymph
nodes, assessing frequencies of CD19* B cells and CD4* and
CD8" T cells by flow cytometry at intervals for 60 d after B.
burgdorferi infection. Consistent with our previous report, total

lymph node cellularity rapidly increased by 400%, peaking at day
10 postinfection (Fig. 1A). Throughout the infection, this increase
was due primarily to CD19" B cells, whereas CD4" and CD8"*
T cell numbers did not change significantly (Fig. 1A). As a con-
sequence, the ratio of CD19™ B cells to CD4™ T cells increased in
the lymph nodes, with increasing numbers of B cells per CD4
T cell at early time points, peaking at day 10 (Fig. 1B). That ratio
stayed elevated through day 60. Additionally, the phenotype of the
B cells was determined by flow cytometry, and it was found that
the majority of the B cells were naive IgD*CD45R*CD23™ (Fig.
1D). To determine the impact of tissue transfer alone on the local
immune response, inguinal lymph nodes from mice that received
ear tissue from infected or uninfected (sham) SCID mice 10 d
prior were analyzed by flow cytometry. B. burgdorferi-infected
mice showed a strong increase in B cell frequencies (Fig. 1E),
whereas sham-infected mice had frequencies of B and T cells that
were similar to those of non-infected and non-transplanted mice
(data not shown). Marked differences were observed also for the
lymph node cellularity (data not shown).

Immunofluorescence on lymph nodes at 10 d postinfection (Fig.
1C) confirmed these findings, demonstrating that the vast majority
of lymph node cells were B cells as seen in the low magnification
image of the whole lymph node (Fig. 1C, left panel). B cells ap-
peared tightly packed throughout the lymph node, which lacked
the typical follicular arrangement. CD4 T cells were scattered,
lacking discernible T cell zones in both CD45R™ (B cell) and
CD45R" (plasma blast) areas of the lymph node (Fig. 1C, middle
and right panels). Consistent with the lower cell yield, lymph
nodes from mice that received sham tissue were smaller (Fig. 1F)
than those from infected mice (Fig. 1G). Thus, B. burgdorferi
infection induces a rapid and drastic increase in lymph node B cell
numbers and destruction of B and T cell zones in the absence of
concomitant or even moderate increases in CD4 T cells numbers
over at least 60 d.

Presence of activated CD4 T cells after B. burgdorferi
infection

The unusually high B/T ratio might suggest that CD4 T cells were
not activated upon infection with B. burgdorferi, explaining pre-
vious evidence for the T cell-independence of the B. burgdorferi-
specific B cell responses. To examine this further, we determined
the frequency of activated CD4 T cells and/or T follicular helper
(Tgy) cells in inguinal lymph nodes draining the site of infection.
Activated CD4 T cells were identified as being CD11a" and
CD44" by flow cytometry (Fig. 2A) (22). Activated T cells started
to appear on day 8 after B. burgdorferi infection and remained
increased through day 28. Tgy cells, important for supporting
germinal center B cell responses, were also consistently found by
staining for CXCRS and ICOS (23-26). The frequency of Tgy
cells increased until day 15 and then declined rapidly. Consistent
with the presence of activated T cells and Tgy cells, cytokine
mRNA levels for IL-4 and IL-21 and less so IL-2, crucial cyto-
kines for T-dependent B cell responses (27), were increased on
days 10 and 22 compared with those of day O (Fig. 2B), whereas
IFN-y mRNA levels were unaffected. These data indicate that
although overall T cell numbers do not significantly increase in
lymph nodes of B. burgdorferi-infected mice, transient and short-
lived CD4 T cell activation and differentiation to Tgy nonetheless
occurred.

CD19 accumulation in lymph nodes is T cell independent

We showed previously that the unusually large accumulation of
B cells in the lymph nodes of B. burgdorferi-infected mice (Fig. 1)
is correlated with the appearance of live, and not heat-killed, B.
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FIGURE 1. B cell but not T cell accumulation in regional lymph nodes after B. burgdorferi infection. B6 mice were infected with host-adapted spi-
rochetes via tissue transplant of B. burgdorferi-infected tissue from B. burgdorferi-infected SCID mice into the right leg. At indicated times postinfection,
right inguinal lymph nodes were collected, and cellularity was assessed with a hemocytometer after trypan blue exclusion. Total lymph node (LN), CD19*
B cell, CD4" T cell, and CD8"* T cell frequencies were determined by flow cytometry. (A) Line graph indicates mean cell count for each indicated cell
population (n = 4), error bars represent SD. (B) Shown are the ratios of CD19" B cell per CD4" T cell, as assessed from numbers shown in (A). Line graph
indicates mean values, error bars represent SD. (C) Two-color immunofluorescence identifies the CD45R* (red) B cells and CD4* (blue) T cells in the
lymph node on day 10 postinfection. Middle (1) and right (2) panels are higher magnification images of the left panel, as indicated. Scale bars indicate
magnification. (D) Shown are representative 5% contour plots with outliers of CD19" B cells from lymph nodes of day 10 infected mice after gating of
(single cells/live/lymphocyte gate/CD19*). Left panel, Naive cells are identified as IgD* IgM™. Middle panel, Further gating of naive cells identified as
CD23" CD45R". (E) Frequencies of CD19* B cells, CD4* T cells, and CD8" T cells as assessed by flow cytometry in draining lymph nodes from day 10
after transplant of infected or uninfected (sham) tissue. Bars represent the mean of the group; error bars represent SD (n = 4/group). (F and G) H&E staining
on day 10 after transplant of uninfected (sham) tissue (F) or infected tissue (G), representative of n = 2. Original magnification X10.

burgdorferi in the lymph nodes but is independent of MyD88
signaling (5) and thus unlikely a result of TLR-mediated mito-
genic B cell responses to B. burgdorferi. To determine whether the
B cell accumulation is reliant on T cell costimulation, lymph node
cellularity and cellular compositions were assessed in mice lack-
ing the CD4* T cell costimulatory molecules CD40L, ICOS, and
SAP on day 10 postinfection, the peak of the lymph node cellu-
larity in WT mice. Lack of these costimulatory molecules, or

indeed the depletion of all CD4 T cells via injection with anti-
CD4, had no significant effect on total lymph node cellularity (Fig.
3A) or B cell numbers (Fig. 3B) compared with WT B6 mice. B6-
Teryd™'~ mice deficient in y3 T cells also failed to show any
effects of yd T cells on lymph node cellularity or CD19* B cell
numbers at day 10 postinfection (data not shown). Thus, the rapid
B cell accumulation characterizing the early lymph node response
to B. burgdorferi infection occurs independently of T cells.
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FIGURE 2. CD4 T cells are activated in regional lymph nodes after B.
burgdorferi infection. (A) Shown are representative 5% contour plots with
outliers of CD4 T cells from lymph nodes of day 10 infected mice after
gating of CD4" T cells (single cells/live/CD197/CD3™). Left panel, Acti-
vated T cells are identified as CD11a™ CD44". Right panel, Activated
CD4" T cells; CXCR5 and ICOS expression identifies Tgy cells. Fre-
quencies of activated T cells (middle panel) and Tgy cells (bottom panel)
among CD44™ CD11a™ CD4 T cells at indicated times postinfection with
B. burgdorferi. Data represent the mean of the group + SD (n = 4). (B)
Shown are mean relative expression levels + SD of T cell cytokines
measured by qRT-PCR of lymph nodes of mice infected for 10 or 22 d
compared with lymph nodes from uninfected mice (n = 4). Data are nor-
malized for RNA input by using the housekeeping gene GAPDH.

Effects of T cells on B. burgdorferi-specific Ab production

We previously concluded that the induction of Abs against B.
burgdorferi in the draining lymph node was specific and further-
more showed that it was unaffected by the lack of MyD88 sig-
naling (5). However, it is currently unclear to what extent the
B cell Ab response is dependent on T cells or T cell-expressed
costimulatory molecules. In contrast to the T cell-independent
accumulation of B cells in affected lymph nodes after B. burg-
dorferi infection, previous studies reported that the absence of
T cells or CD40L affects the magnitude of the B. burgdorferi-
specific serum Ab responses and changes their Ig isotype profiles
(10, 12), suggesting that Ab production and B cell accumulation
are two independently regulated processes. Indeed, although B

cell accumulation was not affected, the presence of CD4 T cells
and the expression of the costimulatory molecules CD40L, ICOS,
and SAP affected maximal Ab responses in the lymph nodes of
B. burgdorferi-infected mice (Fig. 3C-E). Mice depleted of CD4
T cells or mice lacking SAP showed significant reductions in
frequencies of CD138" lymph node plasma cells by flow cytom-
etry (Fig. 3C), as well as B. burgdorferi-specific IgM (Fig. 3D)
and IgG ASC (Fig. 3E) on day 10 of infection compared with WT
controls assayed at the same time. CD40L '~ mice also showed
reduced IgM and IgG ASC but had similar levels of CD138"
plasma cells by flow cytometry. Notably, the lack of ICOS had no
effect on plasma cell development or early Ab production in re-
sponse to B. burgdorferi infection. The observed enhancing effects
of T cells on the B. burgdorferi-specific B cell responses are likely
acting on extrafollicular foci cells, as these are strongly induced
on day 10 after B. burgdorferi infection, whereas germinal centers
are just beginning to form (Fig. 4A) (5). Notably, and consistent
with earlier studies (28, 29), the number of IgM ASC was higher
than the IgG ASC in the WT mice, indicating a strong low-affinity
Ab response early in B. burgdorferi infection. Like the IgG re-
sponse, however, CD4 T cells clearly enhanced the IgM response.

We also compared the Ig responses in the spleen of B. burg-
dorferi-infected compared with sham-infected mice and found no
significant responses in the spleen (Fig. 4G). This is consistent
with our previous report in which we failed to find increased
cellularity or Ab production in the spleen after B. burgdorferi
infection (5). Thus, CD4 T cells engage with B cells in a CD40L-
and SAP-dependent but ICOS-independent manner to enhance
early B. burgdorferi-specific Ab responses in lymph nodes of B.
burgdorferi-infected mice.

Induction of transient germinal center B cell responses after B.
burgdorferi infection

The dominance of T-dependent and T-independent B. burgdorferi-
specific IgM secretion (Fig. 3D), the transient nature of the lymph
node Tgy cells (Fig. 2A), and the destruction of the lymph node
architecture (Fig. 1C) suggested that B. burgdorferi-infected mice
might be unable to develop strong T-dependent germinal centers
and thereby might lack long-lived plasma cells and memory
responses. To assess the kinetics and magnitude of the germinal
center response, flow cytometry was used to identify lymph node
germinal center B cells as CD19* CD38' CD24" (Fig. 4A) and
PNA™ (data not shown) in WT mice over a period of 60 d after B.
burgdorferi infection. The analysis showed that germinal center
B cells were first detected between days 8 and 10 (Fig. 4A). Their
numbers peaked around day 15, whereas their frequencies in-
creased for about another week. Thereafter, germinal center
B cells rapidly decreased (Fig. 4A). By immunofluorescence,
PNA-stained germinal centers were detectable but sparse at day
10, but readily detectable between days 15 and 21 (Fig. 4B),
consistent with the flow cytometry data, and then disappeared by
about day 28 of infection. Lymph node histology on day 28 further
showed that the lymph nodes had lost many of their cells and
appeared “empty” and “exhausted” (Fig. 4C). Responses in other
lymph nodes were similar to those of the draining lymph nodes but
were delayed by up to 2 wk. These lymph nodes had similar Ab
response qualities, measured by IgG and IgM ELISPOT assay, but
their responses were smaller than that of the draining lymph node
(data not shown).

Overall, the kinetics of germinal center B cells closely followed
that of the Tgy cell population (Fig. 2A), appearing somewhat
slow in induction and very rapid in decline. Lack of Ag presence
cannot explain the rapid decline of the germinal center responses,
as B. burgdorferi DNA was detectable in the lymph nodes by
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FIGURE 3. CD4 T cells play a role in B cell differentiation but not B cell expansion in lymph nodes. Data are pooled from two independent studies.
Shown are scatterplots, each symbol representing one animal; line indicates the mean of the group (n = 8/group). (A) Draining lymph node cellularity in
indicated knockout mice compared with WT (B6) mice or in mice depleted of CD4 T cells via Ab treatment prior to infection with tissue adapted spi-
rochetes. (B) Frequencies of CD19" B cells, CD4" T cells, and CD8" T cells as assessed by flow cytometry. Bars represent the mean of the group; error bars
represent SD (n = 8/group). Statistical analysis was conducted with Student  test. (C) CD138" plasma cell frequencies in CD4-depleted mice and in mice
deficient in CD40L, ICOS, or SAP on day 10 of B. burgdorferi infection compared with WT (B6) controls. Cells were gated as CD138" (after gating of live/
lymphocytes/singlet/CD4 CD8 ). (D) Frequencies of IgM and (E) IgG-secreting cells as assessed by ELISPOT assay with a pool of B. burgdorferi
recombinant proteins (DbpA, Arp, OspC, and BmpA) on day 10 of infection in right inguinal lymph nodes from CD4-depleted, CD40L~'~, ICOS ™/, and

SAP™/" mice. Data are pooled from at least two independent experiments.

gqPCR for at least 120 d postinfection (Fig. 4F), and live B. burg-
dorferi can be cultured from the lymph nodes for at least 90 d (5).

As expected, depletion of CD4 T cells caused a significant re-
duction in germinal center B cells, as did the absence of CD40L ™'~
and SAP™'" mice (Fig. 4D). Mice that lacked ICOS showed no
significant decrease in the small numbers of germinal center B
cells countable on day 10 compared with WT mice, but they did
so by day 15 (Fig. 4E). Taken together, the data indicate that the
lymph nodes are sites of transient, short-lived T cell-dependent
germinal center B cell responses that show a relatively late start
compared with immunization studies where germinal centers can
be seen as early as day 4 after Ag application, for example with
tetanus toxin (30) and also acute viral infections. They also seem
to disappear rather rapidly between days 21 and 28. On the basis

of the histology, the data further indicate that the lymph node
might be unable to sustain germinal center responses at this time
point, despite the presence of B. burgdorferi Ag.

Presence of IgM and 1gG ASC in bone marrow from long-term
infected mice

Because of the transient nature of the germinal center response
after B. burgdorferi infection, we asked whether the germinal
centers that do form are functional by studying long-lived plasma
cell generation. As expected, serum Ab levels to B. burgdorferi
were clearly maintained long-term in infected animals (Fig. 5A).
ELISPOT analysis on single-cell suspensions from bone marrow at
various times postinfection with B. burgdorferi revealed that bone
marrow plasma cells accumulated very slowly and with distinct
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FIGURE 4. Induction of transient germinal center B cell responses after B. burgdorferi infection. (A) Shown are representative 5% contour plots and
outliers from FACS data taken at indicated times postinfection; right inguinal lymph nodes were collected, and nine-color flow cytometry was used to
determine the frequency of germinal center B cells (CD38'° CD24") after gating of CD4~CD8~ CD19" cells (singlet/live). Data are representative of two
independent experiments. Germinal center B cell frequencies are summarized as a line graph showing the mean and SD of the group (n = 4). (B) Two-color
immunofluorescence identifies the PNA™ (red) germinal center B cells and IgD* (green) B cells in the lymph node on day 10, 15, 22, and 28 postinfection.
(C) H&E staining on day 28 postinfection (original magnification X4), representative of n = 2. (D) Shown are scatterplots of germinal center B cell
frequencies, identified as CD38' CD24", assessed by flow cytometry in CD4-depleted, CD40L ', ICOS™~, and SAP™'~ mice on day 10 of infection.
Each symbol represents one animal; line indicates the mean of the group (n = 8). (E) Shown are scatterplots as in (C) of germinal center B cell frequencies
of ICOS™"~ mice on day 15 of infection. Data are representative of two independent experiments, except the ICOS data on day 15, which were done once.
(F) B. burgdorferi burden as determined by qRT-PCR measuring flaB DNA copy numbers per milligram of lymph node tissue is summarized as a line graph
showing the mean and SD of the group (n = 4). (G) Frequencies of ASC in the spleen after transfer of either infected SCID tissue or sham uninfected tissue
as determined by ELISPOT coated with B. burgdorferi lysate. Line graph indicates the mean and SD of the group of pooled spleens analyzed in triplicate

dilution series (n = 3).

kinetics compared with the rapid serum Ab response (Fig. 5A).
Given that lymph node germinal centers were gone by about day
28 of infection, but significant accumulation of ASC secreting
various IgG isotypes and IgM required >60 d (Fig. SB-E), the
data indicate that the lymph node responses are not significant
sources for the bone marrow plasma cell accumulation, which
seem to be induced later. Notably, we found a strong IgM ASC
response in the bone marrow consistent with the high levels of
specific serum IgM. IgG1, a predominantly T-dependent isotype
found after many bacterial infections, was not measured, as pre-
vious studies had shown negligible IgG1 responses to B. burg-
dorferi infection in C57BL/6 mice (5).

To test the extent to which the B. burgdorferi-specific bone
marrow ASC are T cell dependent and therefore likely to be ger-
minal center-derived, we collected bone marrow from CD40L ™/~
and WT mice on day 105 after B. burgdorferi infection. Numbers

of IgM, IgG2b, and IgG2c ASC were significantly decreased in
the CD40L~'~ mice (Fig. 6A-C) compared with WT mice,
whereas IgG3 was not significantly affected by the loss of CD40L
(Fig. 6D). These data suggest that most of the bone marrow-
derived plasma cells were generated in a T-dependent manner
and thus likely the result of germinal center responses.

Finally, to test whether the plasma cells found in mice infected
for greater than 100 d are in fact long-lived, we conducted adoptive
transfer experiments. For that, naive mice received bone marrow
containing 5.6 X 10° B. burgdorferi-specific ASC from day 168
chronically B. burgdorferi infected mice, as determined by ELI-
SPOT analysis at the time of transfer. In contrast to control mice
that received bone marrow from non-infected mice and which
did not show significantly increased B. burgdorferi-specific Ab
responses, serum from the B. burgdorferi-infected recipient mice
showed significant levels of B. burgdorferi-specific Abs for
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>100 d (Fig. 6E). The kinetics of the Ab titers were overall
similar to that of control mice that received bone marrow, con-
taining 3.25 X 10* A/PR8-specific ASC, from long-term (day 504
postinfection) influenza-infected mice (Fig. 6E), which induces
strong long-lived Ab responses (31). Thus, B. burgdorferi infec-
tion induces long-lived bone marrow plasma cell responses to the
four recombinant immune prevalent Ags evaluated, but with ki-
netics that makes it unlikely that they are derived from the
responses in the draining lymph nodes. Given that the other lymph
nodes became involved no later than 2 wk after the draining lymph
node (Ref. 5 and data not shown) and that in our model the spleen
does not appear to be involved (Fig. 4G and Ref. 5), they may also
not be derived from responses in secondary lymphoid tissues.

Discussion

The Ab response to B. burgdorferi infection is the only known
adaptive immune mechanism that ameliorates disease and pro-
vides immune protection. However, it is of insufficient quality to
clear the infection. This suggests that B. burgdorferi might subvert
the B cell response to avoid removal from the host to fulfill its life
cycle, which includes transmission to another host via uptake by
its vector, the Ixodes tick. In this study, we provide evidence that
B. burgdorferi infection indeed alters normal B cell response de-
velopment in the lymph nodes in multiple ways. First, B cells
rapidly and strongly accumulate in regional lymph nodes in re-
sponse to the presence of live B. burgdorferi, but independent of
either MyD88 signaling (5) or T cell help (Figs. 1, 3). Although
some lymph node B cells rapidly differentiated to Ab-producing
cells, they failed to mount strong T-dependent B cell responses

Days post infection

and formed only transient germinal centers. The outcome is a
B cell response that is dominated by IgM-secreting cells, both
induced early in the lymph nodes and also found later in the bone
marrow, and the presence of IgG responses in which only ~50% of
the response is clearly T-dependent (Fig. 3) and which does not
appear to contribute significantly to the long-term Ab responses in
the bone marrow. Long-lived B. burgdorferi-specific IgG-secreting
plasma cells accumulated only slowly in the bone marrow (Fig. 6).
Together, these data provide strong evidence for the diversion and
delay of B cell responses by B. burgdorferi, which might help
B. burgdorferi to establish and maintain persistence.

The possible effects of the extensive accumulation of the
mainly naive B cells (Fig. 1C) on the ability of the lymph nodes to
induce and sustain adaptive immune responses remain to be
studied. It is tempting to speculate that the changes in B/T ratios
together with the loss of clearly demarcated T and B cell zones
might reduce the efficiency with which T-dependent B cell
responses and germinal center responses are induced, given the
intricate nature and chemokine-mediated migration of T and
B cells that regulates their interactions in secondary lymphoid
organs (32, 33). Notably, studies by others showed that B. burg-
dorferi infection causes an overexpression of the follicle-homing
chemokine CXCL13 in B. burgdorferi-infected tissues (34). Given
the fact that passive transfer of serum Abs from mice infected
for 2 mo can protect from challenge with B. burgdorferi (15), the
same serum is unable to clear an infected host. Even relatively
minor delays in induction of protective Ab responses might play
arole in allowing B. burgdorferi to evade immunity by rapidly and
widely disseminating in an infected host (35).
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The overabundance of lymph node B cells and loss of tissue
architecture early in infection might also be involved in the rapid
shutdown of the germinal center responses in those tissues. Our
data demonstrating a strong early induction of CD4 T cell acti-
vation and their differentiation to cells with a Tgy phenotype (Fig.
2) suggest that there is no defect in T cell activation, but rather
that there is a failure to maintain T-dependent germinal center
responses. Mechanisms that remain to be explored could include
B. burgdorferi infection-induced changes in the stromal environ-
ment of the lymph node, which might result in reduced or altered
production of critical cytokines, such as CCR7 and CXCL13 and
the B cell survival factor BAFF (36), or an increase in uptake of
such factors by the large numbers of B cells present in the lymph
nodes, among others.

Some strains of B. burgdorferi contain a variable-major protein-
like sequence expressed lipoprotein (visE) in their genome, which
they use to vary their antigenic surface coat (37), which may
enable immune escape via antigenic shift. However, the genome
of the strain used for the current study, N40, expresses a truncated
form of visE (GenBank accession no. PRINA29357; http://www.
ncbi.nlm.nih.gov/genome?term=PRJNA29357), and N40-infected
animals do not mount a serum response to the conserved internal
C6 peptide of vISE from either N40 or from the prototype C6
derived from B31 (data not shown). To survey antigenic shift early
in infection, we performed a quantitative RT-PCR (qRT-PCR)
low-density array that screens 43 known B. burgdorferi genes
between day 10 (low germinal center response) and day 22 (robust
germinal center response) but found very little change in gene
expression (data not shown). However, these data may mask po-
tential protein expression changes or changes of the subcellular
location of B. burgdorferi-expressed proteins (38). On the basis of
these data, we would reason that B. burgdorferi immune evasion
may not be due only to antigenic shifts, such as those observed
on Borrelia hermsii (39). In support, earlier studies demonstrate
furthermore that mice infected with B. burgdorferi for 90 d and

Days post transfer Days post transfer

then treated with antibiotics were protected from challenge with B.
burgdorferi isolates (or infected skin tissue) taken from day 180-
infected mice, thus arguing against a simple switch-away from
protective Ab responses (40). On the basis of the presented study,
we propose that the herein uncovered alterations in the B cell
responses to B. burgdorferi contribute to its persistence in an
immunocompetent host. However, a more detailed analysis of the
antigenic nature of B. burgdorferi in the mammalian host and the
specificity of the Abs generated is clearly needed but hampered
currently by the lack of techniques to isolate sufficient quantities
of B. burgdorferi grown in tissue of infected mammalian hosts that
reflect the in vivo Ag repertoire.

One of the most striking features of the B cell response to
B. burgdorferi infection is the ongoing dominance of the T-
dependent and T-independent IgM response, both early in the
lymph nodes (5) and later in the bone marrow (Fig. 5). Whether
this is the result of B. burgdorferi-mediated immune diversion or
a result of the type of B cell or Ag to which the Abs are raised
remains to be determined. Long-term IgM-producing cells have
recently been shown to provide protection against intracellular
infections and in response to challenge after immunization with
polysaccharides (41-44). IgM has also been shown to contribute
to protection from death and the lowering of West Nile virus
burden in the blood (45). Furthermore, the pentameric structure
and flexibility of IgM allows higher avidity binding to bacterial
surface Ags than monomeric IgG (46) and may be useful in
protection from extracellular pathogens. Thus, IgM may facilitate
clearance of B. burgdorferi from the bloodstream, and potentially
the blood-filtering spleen, where it is found only during short
episodic periods (35). However, IgM may be less effective in
supporting bacterial clearance from the skin and other tissues.
Because of its large size, IgM might not be able to reach B.
burgdorferi in the tissues in the absence of inflammation and the
resulting increase in vascular leakage. In contrast to infection with
pathogens that are circulating in the blood, such as B. hermsii, the
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unusually strong and sustained IgM response may be overall
detrimental for the host and represent a failure of B cells to un-
dergo class-switch recombination to an IgG response that could be
more effective in clearance of B. burgdorferi residing in various
tissues.

Studies by Bockenstedt and colleagues (47) indicated that
marginal zone B cells might be activated in response to infection
with culture-grown B. burgdorferi. Marginal zone B cells are
known to differentiate rapidly to IgM-producing cells in response
to blood-derived Ags (32). However, we do not see an early in-
volvement of the spleen in our infection model (Ref. 5 and Fig.
4G). Previous studies suggested that splenic involvement after B.
burgdorferi infection depends on the site of infection (48). That
study showed that inoculation at the shoulder resulted in doubling
of the number of splenocytes by day 14, whereas inoculation into
the footpad never resulted in enhanced splenocyte numbers. Our
animal model uses infection into the right hind leg, which we
show in this study to be associated with an increase in lympho-
cytes in the regional lymph nodes. Consistent with the study by de
Souza et al. (48), it does not result in increased splenocyte num-
bers (5). Thus, the splenic response does not appear to contribute
significantly in B. burgdorferi-specific B cell responses in the
model used here.

Responses by B-1b cells, a source for natural IgM (49), are
induced to B. hermsii infection, the causative agent of relapsing
fever, a blood-borne disease (50, 51). However, B. burgdorferi is
only found in the blood during acute stages of infection, and in-
termittently thereafter, in the immunocompetent laboratory mouse
(9, 35), and our preliminary studies do not support induction of
B-1 cells as a strong contributor to the B. burgdorferi-induced IgM
response in lymph nodes (C.J. Hastey, R.A. Elsner, S.W. Barthold,
and N. Baumgarth, unpublished observations). Similarly, peri-
sinusoidal B-2 cells in the bone marrow were shown to respond
to blood-borne microbes by producing Ag-specific IgM in a T-
independent manner (52) and are therefore unlikely a source for
B. burgdorferi infection-induced IgM. Together with our studies
showing that a good fraction of the IgM response in both lymph
nodes and bone marrow is T-dependent (Fig. 3), it appears most
likely that the ongoing IgM production is a result of a non-class-
switched B-2 cell response. The data thereby suggest that B.
burgdorferi might interfere with the processes underlying efficient
class-switch recombination of B cells.

The generation of long-lived plasma cells in B. burgdorferi-
infected mice was surprising, given the short-lived nature of the
lymph node germinal center responses and their distinct kinetics.
As discussed above and reported previously (5), the spleen is in-
volved little in generation of Abs to B. burgdorferi infection in our
model, and although B. burgdorferi is readily cultured from lymph
nodes, the spleen is culture positive only late in infection (5),
raising the question of what tissue is the source of the accumu-
lating long-lived plasma cells. Given the slow kinetics, it is pos-
sible that ectopic germinal centers, which often form after B.
burgdorferi infection in the nervous system (34) and in the vicinity
of arthritic joints and other tissue (35, 53), might be a major
source for these cells.

To what extent these long-lived plasma cells contribute to im-
mune protection remains to be studied; however, they might be
of relative little protective value. This is because previous studies
demonstrated that whereas serum from mice infected with B.
burgdorferi for 60 d can provide passive immune protection, se-
rum from long-term infected mice loses this capacity (15). Our
studies now show that bone marrow plasma cells are not present
until after the maximum protective capacity of the serum is
reached. Memory B cells arrive through the same germinal center
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responses as long-lived plasma cells. Therefore, our data indicate
that memory to B. burgdorferi infection may also not be formed
until late during infection. Given that most patients are treated
early during Lyme borreliosis, shortly after a tick bite and the
appearance of the characteristic skin rash, early antibiotic treat-
ment that eliminates infection may prevent the development of
long-term plasma cell responses and memory B cell formation.
This is consistent with the susceptibility to reinfection observed in
individuals living in B. burgdorferi-endemic areas (6, 54).

Collectively, our study provides evidence for a complex inter-
play between B. burgdorferi with the host B cell immune arm that
affects the B cell response at multiple stages, ultimately failing to
allow clearance of the pathogen but sufficient to suppress patho-
gen burden and disease manifestations.
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