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Abstract

Borrelia burgdorferi, the Lyme disease agent, causes joint inflammation in an experimental 

murine model. Inflammation occurs, in part, due to the ability of B. burgdorferi to induce the 

production of proinflammatory cytokines and a strong CD4+ T helper type 1 response. The 

mechanisms by which spirochetes induce these responses are not completely known, although 

transcription factors, such as NF-κB in phagocytic cells, initiate the proinflammatory cytokine 

burst. We show here that the mitogen-activated protein (MAP) kinase of 38 kDa (p38 MAP 

kinase) is involved in the proinflammatory cytokine production elicited by B. burgdorferi Ags in 

phagocytic cells and the development of murine Lyme arthritis. B. burgdorferi Ags activated p38 

MAP kinase in vitro, and the use of a specific inhibitor repressed the spirochete-induced 

production of TNF-α. The infection of mice that are deficient for a specific upstream activator of 

the kinase, MAP kinase kinase 3, resulted in diminished proinflammatory cytokine production and 

the development of arthritis, without compromising the ability of CD4+ T cells to respond to 

borrelial Ags or the production of specific Abs. Overall, these data indicated that the p38 MAP 

kinase pathway plays an important role in B. burgdorferi-elicited inflammation and point to 

potential new therapeutic approaches to the treatment of inflammation induced by the spirochete.
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Lyme disease usually begins with a skin rash (erythema migrans) and may progress to 

involve the musculoskeletal, cardiovascular, or neurologic systems (1). The pathogenesis of 

Lyme disease is related to the number of Borrelia burgdorferi in the affected organs (2), 

spirochetal virulence (3–5), and the humoral and cellular responses arising during infection 

(6–11). Experimental infections of mice suggest a strong correlation between the production 

of proinflammatory cytokines, including IL-12 and IFN-γ, and the development of acute 

murine Lyme arthritis and spirochetal adaptation (6, 7, 10, 12–15). The modulation of the 

CD4+ T cell helper phenotype arising during experimental infection of mice affects the 

development of joint inflammation. Blockade of IL-12 and IFN-γ reduced arthritis severity 

at the peak of infection in immunocompetent mice (6, 7, 10). Furthermore, the infection of 

mice deficient for IL-6 production, a strong inducer of Th2 responses (16) and inhibitor of 

CD4+ Th1 differentiation (17), results in decreased Th2 responses and increased incidence 

of inflammation (18). The role of IFN-γ on the development of acute murine Lyme arthritis 

is controversial. Although the treatment of infected mice with blocking mAbs reduced the 

degree of arthritis (7, 10), the infection in the footpad of mice deficient for this cytokine (19) 

or its receptor (20) revealed a degree of inflammation similar to that of their wild-type 

counterparts.

B. burgdorferi induces the production of proinflammatory cytokines in different cell types 

(21–23). B. burgdorferi lipoproteins up-regulate chemokines and adhesion molecules in 

endothelial cells (24, 25) and fibroblasts (24), which is mediated by the activation of the 

transcription factor NF-κB (24–26). Moreover, B. burgdorferi is able to induce the 

production of proinflammatory cytokines in monocytes, mast cells, and other cell types, 

such as TNF-α, IL-12, and IFN-γ (22, 27, 28). The LPS receptor CD14 has been shown to 

facilitate the activation of human monocytic cells by B. burgdorferi (23, 29–31). CD14 

engagement activates and induces transcriptional activity of NF-κB, probably through its 

interaction with Toll-like receptors (TLRs)3 (32). Indeed, outer surface protein A recently 

has been shown to induce the activation of TLR-2 with nuclear translocation of NF-κB (33) 

and induction of IL-12 p40 gene transcription (34).

Signal transduction through mitogen-activated protein (MAP) kinases plays a key role in 

several cellular responses, including growth factor-induced proliferation, differentiation, and 

cell death. Several parallel MAP kinase signal transduction pathways that are functionally 

independent have been defined in mammalian cells (35, 36), including the extracellular 

signal-regulated kinase (37, 38), c-Jun amino-terminal kinases (also known as stress-

activated protein kinases) (39, 40), and p38 MAP kinase (41–43). These MAP kinases are 

activated by phosphorylation on Thr and Tyr by dual-specificity MAP kinase kinases 

(MKKs) (39, 44).

In mammalian cells, p38 MAP kinase can be activated by multiple stimuli, such as 

proinflammatory cytokines (e.g., IL-1β and TNF-α), LPS, and environmental stress (41–45). 

Upstream activators of the p38 MAP kinase include MKK3, MKK4, and MKK6 (46–49), 

which phosphorylate p38 MAP kinase on Thr and Tyr within the tripeptide motif TGY in 

kinase subdomain VIII, increasing enzymatic activity (44). The p38 MAP kinase is 

3Abbreviations used in this paper: TLR, Toll-like receptor; MAP, mitogen-activated protein; MKK, MAP kinase kinase.
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implicated in the expression of cytokines and the regulation of cell proliferation and death 

(45, 50). In vitro studies demonstrate that activating transcription factor 2 is phosphorylated 

and activated by p38 MAP kinase (44, 46, 49). In addition, p38 MAP kinase activates p62 

ternary complex factor, C/EBP homologous protein, myocyte enhancer factor 2C, and 

serum-response factor accessory protein 1 transcription factors (46, 49, 51–53). p38 MAP 

kinase also phosphorylates and activates the eukaryotic initiation factor 4E protein kinases 

MAP kinase interacting kinase 1 and 2 (54, 55) and the small heat shock protein 27 protein 

kinase MAP kinase-activated protein kinase (43, 45, 56).

The p38 MAP kinase is a selective target for pyridinyl imidazole drugs (42). These drugs 

appear to act by inhibiting p38 MAP kinase activity through competition with ATP at the 

ATP binding pocket (57–59). These compounds are candidate drugs for the treatment of 

arthritis, bone resorption, and endotoxic shock (60–62). The SB 203580 compound 

possesses therapeutic activity in collagen-induced arthritis in DBA/LACJ mice, resulting in 

significant inhibition of paw inflammation and serum amyloid protein levels (61). This 

antiarthritic activity is associated with reduced production of proinflammatory cytokines, 

such as IL-1β and TNF-α, by activated macrophages (61).

We have now addressed the role of p38 MAP kinase activation in the development of acute 

Lyme arthritis in a murine model of infection.

Materials and Methods

Mice

MKK3-deficient mice (129/SvJ × C57BL/6 (129 × B6)) that had been previously generated 

(63) were used throughout the studies and were obtained by breeding second-generation 

deficient mice, as described (64). Control mice were derived from the same generation 

littermates. The mice were maintained in filter-framed cages and euthanized with CO2. All 

procedures that involve animals were approved by institutional guidelines for animal care.

B. burgdorferi and infections

The mice were infected with low-passaged B. burgdorferi N40 by intradermal injection of 

104 spirochetes in the back, as previously described (6). The mice were sacrificed at 2 wk 

(peak of inflammation) and 8 wk (resolution of disease) of infection. The infectious status of 

the animals was determined by culture of different specimens (bladder, spleen, and skin at 

the inoculation site) in modified Barbour Stoenner Kelly II medium for 2 wk at 34°C (6).

B. burgdorferi lysates were obtained from late-log phase cultures of the spirochetes in 

Barbour Stoenner Kelly II medium by three freeze-thaw cycles in endotoxin-free water, as 

assessed by the Limulus amebocyte assay.

Histology

At sacrifice, hearts and joints were fixed in formalin and embedded in paraffin to assess 

signs of inflammation. Arthritis was assessed in both the knee and tibiotarsal joints and is 

characterized by neutrophilic infiltration, which may be accompanied by edema and 

hyperproliferation of the syno-vial membrane. Carditis is most evident at the base of the 
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heart with periaortic infiltration of macrophages and is not graded. All determinations were 

made in a blinded fashion.

In vitro stimulations

The macrophage cell line RAW 264.7 was used to determine the ability of B. burgdorferi to 

induce the activation of p38 MAP kinase. A total of 2 × 106 cells/ml were incubated with 10 

μg/ml of a B. burgdorferi extract for up to 60 min. The cells were then lysed and the extracts 

were subjected to PAGE and transferred to a nitrocellulose membrane. The membrane was 

then tested by Western blot for the presence of the phosphorylated form of p38 MAP kinase, 

using a specific Ab (Cell Signaling, Beverly, MA). Once developed, the membrane was 

reprobed with an Ab specific for actin (Santa Cruz Biotechnology, Santa Cruz, CA).

For the inhibition of p38 MAP kinase in vitro, the cells were stimulated with 10 μg/ml of a 

B. burgdorferi extract in the presence of increasing concentrations of SB 203580. The 

supernatants were collected after 16 h and analyzed for the presence of TNF-α by capture 

ELISA. All in vitro assays were performed in the presence of 10 μg/ml polymixin B.

CD4+ T cell restimulation

CD4+ T cells were isolated from spleens by negative selection as described (6), using 

biotinylated Abs against CD8a, MHC class II, panNK, Ly6G, CD11b, and B220 (BD 

PharMingen, San Diego, CA), followed by incubation with avidin bound to magnetic 

microbeads and passed through a magnetic column (Miltenyi Biotec, Auburn, CA). A total 

of 106 purified CD4+ T cells per milliliter were incubated with 106/ml syngeneic mytomycin 

C-treated APCs in the presence of 10 μg/ml of a B. burgdorferi extract. The supernatants 

were collected at 40 h of incubation and analyzed for the presence of IFN-γ by ELISA.

Cytokine ELISA

The levels of IFN-γ, TNF-α, and IL-12 in restimulation supernatants and murine sera were 

determined by capture ELISA, as described (6). Purified anti-IFN-γ, anti-TNF-α, and anti-

IL-12 (2 μg/ml; BD PharMingen) as capture Abs, the corresponding biotinylated Abs (1 

μg/ml; BD PharMingen), horseradish-conjugated streptavidin (1/1000 dilution; BD 

PharMingen), and the tetramethylbenzidine microwell peroxidase substrate and stop solution 

(Kirkegaard & Perry Laboratories, Gaithersburg, MD) were used, according to the 

recommended protocol (BD PharMingen). As standards, recombinant IFN-γ, TNF-α, and 

IL-12 (BD PharMingen) were used.

Ab isotype ELISA

B. burgdorferi-specific IgM and IgG subclass levels in the sera from the infected animals 

were determined by ELISA using biotinylated rat monoclonal anti-mouse Abs specific to 

mouse IgM, IgG1, IgG2b, and IgG3 (BD PharMingen), as described (6).

Flow cytometry

Whole splenocytes depleted of red cells were stained for activation markers in different cell 

populations. The analysis of memory (CD44high CD45RBlow) and naive 
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(CD44lowCD45RBhigh) populations of CD4+ T cells was performed by triple staining with 

anti-CD4CyChrome, CD44PE, and CD45RBFITC. CD4+ T cells were also analyzed for the 

levels of surface expression of IL-2Rα and L-selectin with anti-C25PE and CD62LFITC, 

respectively. Phagocytic cell activation was analyzed by staining with either anti-

CD11bFITC or anti-Ly6GPE and biotinylated anti-IFN-γRα, followed by incubation with PE- 

or FITC-labeled streptavidin, respectively. The analysis was performed in a FACSCalibur 

apparatus (BD Biosciences, Mountain View, CA) and the data were analyzed using the 

CellQuest software package (BD Biosciences).

Results

B. burgdorferi induces the phosphorylation of p38 MAP kinase in RAW 264.7 cells

The MAP kinase p38 has been associated with the production of proinflammatory cytokines 

such as IL-12, TNF-α, and IL-1β (42, 65). B. burgdorferi is able to induce the release of 

proinflammatory cytokines in vitro through a mechanism that involves, at least partially, its 

interaction with CD14 (23, 33) and TLRs (33, 34, 66). This suggested to us a potential 

activation of the p38 MAP kinase that in turn could be important for proinflammatory 

cytokine production and the development of inflammation during Lyme borreliosis.

To assess the involvement of B. burgdorferi Ags in p38 MAP kinase activation, we analyzed 

the ability of whole B. burgdorferi lysates to induce the phosphorylation of the kinase in the 

murine macrophage cell line RAW 264.7 by Western blot analysis. B. burgdorferi extracts 

induced the phosphorylation of p38 MAP kinase in this cell line. The p38 MAP kinase 

phosphorylation was evident as soon as 5 min after exposure to B. burgdorferi lysates (Fig. 

1A).

The involvement of the p38 MAP kinase pathway in cytokine production by the macrophage 

cell line RAW 264.7 in response to B. burgdorferi Ags was then evaluated. The compound 

SB 203580 is a specific inhibitor of the p38 MAP kinase pathway. We studied the effect of 

SB 203580 on the production of B. burgdorferi-induced TNF-α production by the 

macrophage cell line RAW 264.7. The cells were incubated with 10 μg/ml of a B. 

burgdorferi lysate in the presence of increasing concentrations of the inhibitor, and 16 h 

later the supernatants were analyzed for the presence of TNF-α. The presence of increasing 

concentrations of SB 203580 inhibited the production of TNF-α (Fig. 1B), indicating that 

this pathway is implicated in the production of proinflammatory cytokines in response to 

spirochetal Ags in vitro and suggesting that it may be important for the production of 

inflammation as a result of infection. The observed effects of the inhibitor on the 

macrophage cell line were not due to toxicity, as assessed by visual evaluation of their 

morphology and trypan blue exclusion after 72 h of incubation with 10 μM SB203580 (data 

not shown).

B. burgdorferi-infected MKK3-deficient mice develop a lower inflammatory response than 
do wild-type controls

MKK3-deficient mice have fundamental defects in the inflamma-tory response and in Th1 

CD4+ T cell responses (63). LPS-activated p38 MAP kinase was reduced, but not absent, in 
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MKK3-deficient macrophages, resulting in an almost complete blockade of the induction of 

IL-12 production and IL-12 p40 mRNA expression. This defect, plus intrinsic defects in T 

cells, led to reduced IFN-γ production by differentiated CD4+ T cells (63). To clarify the 

contribution of MKK3 in the activation of p38 MAP kinase and subsequent development of 

Lyme arthritis and carditis, we infected MKK3-deficient mice (63) and wild-type controls 

with 104 spirochetes in the midline of the back (6). Two weeks later, the mice were analyzed 

for disease appearance by histological evaluation of the joints in the rear limbs and the 

hearts (67). Compared with wild-type controls, MKK3-deficient mice developed arthritis 

with a significantly lower incidence (eight of eight infected control mice developed arthritis 

vs one of five MKK3-deficient mice; Fisher's exact test, p = 0.007; Table I), indicating that 

the lack of activation of p38 MAP kinase by MKK3 affected the development of 

inflammation. The difference in arthritis was also evident at 8 wk of infection, the period of 

disease resolution (Table I). Carditis prevalence was not affected by the lack of this gene. At 

the peak of disease (2 wk) and at the time at which inflammation is regressing (2 mo), both 

groups of mice had similar cardiologic involvement (Table I).

We then analyzed the levels of proinflammatory cytokines in the sera of the infected mice. 

As expected, the sera of the MKK3-deficient infected mice contained lower levels of IL-12, 

IFN-γ, and TNF-α than did control infected animals (Fig. 2A). These data indicated that 

infection with B. burgdorferi of MKK3-deficient mice results in lower proinflammatory 

cytokine production and arthritis development.

Proinflammatory cells express lowered levels of IFN-γRα in MKK3-deficient mice infected 
with B. burgdorferi

Inflammation as a result of infection with B. burgdorferi is at least partially dependent on 

the recruitment and activation of phagocytic cells (67). These cells are activated in response 

to T cell signals (i.e., cytokines and CD40 ligand cross-linking) as well as by a direct 

response to bacterial components (33). To establish the activation status of macrophages and 

neutrophils, which could explain the lower development of inflammation in MKK3-deficient 

mice, we analyzed the surface expression of the α subunit of the receptor for IFN-γ. In 

agreement with our previous results, macrophages (Fig. 2B, left panels) and, to a lesser 

extent, neutrophils (Fig. 2B, right panels) expressed lower levels of IFN-γRα, suggesting a 

diminished activation status and a lowered ability to respond to this proinflammatory 

cytokine.

CD4+ T cells in MKK3-deficient mice infected with B. burgdorferi produce less IFN-γ in 
response to spirochetal Ags

The differentiation phenotype of CD4+ T cells during Lyme borreliosis also affects the 

development of inflammation. A predominant Th1 phenotype has been observed in mice 

experimentally infected with B. burgdorferi (7, 10, 68) and in humans (69). Therefore, we 

assessed the cytokine production pattern of CD4+ T cells from the infected mice in 

restimulation assays in vitro (6). CD4+ T cells from infected MKK3-deficient mice produced 

lower levels of IFN-γ in response to B. burgdorferi Ags than did those from wild-type 

controls, indicating a lower Th1 phenotype in response to B. burgdorferi infection (Fig. 3A). 

However, this reduction in the production of IFN-γ by CD4+ T cells was not accompanied 
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by an increase in the production of IL-4 (Fig. 3A), suggesting that the lack of the mkk3 gene 

inhibited Th1 differentiation without affecting Th2 cells.

We also tested whether the lack of the mkk3 gene had affected the ability of CD4+ T cells to 

become activated during infection with B. burgdorferi. The activation phenotype of CD4+ T 

cells was equivalent in both control and MKK3-deficient mice. Naive 

(CD44lowCD45RBhigh) and activated (CD44highCD45RBlow) CD4+ T cell populations were 

identical in both groups, as was the level of surface expression of activation markers such as 

CD25 and L-selectin (CD62L) (data not shown). These results suggest that the lack of the 

mkk3 gene reduces the ability of CD4+ T cells to produce IFN-γ in response to B. 

burgdorferi Ags but does not affect the ability of CD4+ T cells to become activated upon 

infection with the spirochete.

In correlation with the similar level of activation of CD4+ T cells, the levels of B. 

burgdorferi-specific Ab isotypes were equivalent in MKK3-deficient mice compared with 

controls (Fig. 3B), indicating that the lack of the gene encoding MKK3 had not affected the 

development of a spirochete-specific Ab response.

Discussion

Inflammation elicited by B. burgdorferi is controlled by several factors. Both the intrinsic 

ability of specific isolates to activate different cell types and factors in the host that influence 

the capacity to respond to the invading microorganism can influence the degree of 

proinflammatory responses. The mechanisms by which B. burgdorferi Ags induce the 

production of proinflammatory cytokines have been partly elucidated. TLR-2 appears to 

have a role in the provision of the signals that lead to the up-regulation of proinflammatory 

genes in response to lipoproteins of B. burgdorferi, like outer surface protein A (33, 66). 

This is accomplished at least in part by the activation of the transcription factor NF-κB (24–

26).

In this work we show that B. burgdorferi Ags induce the phosphorylation of the p38 MAP 

kinase in a macrophage cell line in vitro and ex vivo in isolated macrophages (data not 

shown). The relevance of the activation of this MAP kinase in vivo is underscored by the 

diminished incidence of arthritis in mice that lack the gene that encodes MKK3, a specific 

activator of the p38 MAP kinase. Not surprisingly, the lowered inflammatory symptoms 

appearing on MKK3-deficient mice correlate with diminished levels of systemic 

proinflammatory cytokines, including IFN-γ, TNF-α, and IL-12.

Overall, our data show that the interaction of B. burgdorferi with innate immune cells results 

in the activation of the p38 MAP kinase pathway that may be acting in coordination with 

NF-κB to result in the activation of these cells. These results also suggest that the p38 MAP 

kinase pathway may have an indirect effect on the activation of phagocytic cells by inducing 

the expression of surface receptors for other proinflammatory factors like IFN-γ. The lack of 

MKK3-mediated p38 MAP kinase activity results in lower levels of the α subunit of the 

IFN-γ receptor, which in turn may preclude these cells from responding to the same extent 

to this proinflammatory cytokine.
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The role of IFN-γ in the development of acute murine Lyme arthritis is controversial. 

Reports have concluded that the lack of the gene that encodes the cytokine or its receptor 

does not affect the development of inflammation upon infection (19, 20). However, we have 

demonstrated that IFN-γ-mediated signals are important for the adaptation of B. burgdorferi 

to the murine host (15), and a correlation between IFN-γ production upon infection and 

inflammation has been extensively established (7, 10, 15). The discrepancy may result from 

the inoculation route used in the different experimental approaches. Indeed, although strain-

specific disease resistance and susceptibility has been determined in mice intradermally 

infected with spirochetes (2), hind foot inoculation results in the same degree of arthritis in 

disease-resistant (BALB/c) and susceptible (C3H) strains of mice (70). The discrepancy was 

related to the route of spirochetal dissemination and accessibility of anatomical sites in 

which spirochetes may preferentially replicate and cause disease (70). Cultured spirochetes 

show a distinct pattern of expression compared with “adapted” spirochetes after several days 

of infection (71). We have demonstrated that indeed the lack of pathogenicity of high-

passaged derivatives of the N40 isolate is associated with impaired gene expression (71) and 

adaptation to the murine host (15), which may result, at least in part, because of the inability 

of this nonpathogenic derivative to induce strong proinflammatory cytokine production, 

including production of IFN-γ (15). Overall, our results show that MKK3 deficiency 

resulted in lower production of all proinflammatory cytokines tested (IFN-γ, TNF-α, and 

IL-12), underscoring the importance of this pathway in B. burgdorferi-induced 

inflammatory responses.

Our results also show that the differentiation of CD4+ T cells to a Th1 phenotype is 

dependent on the p38 MAP kinase pathway. We have previously shown that mice that lack 

the mkk3 gene are defective in innate cell LPS-dependent production of IL-12. This defect is 

partially responsible for a lowered Th1 phenotype when CD4+ T cells are activated in vitro 

(63). An intrinsic defect in CD4+ T cells in these mice also prevents them from a complete 

Th1 differentiation. Indeed, p38 MAP kinase activity is involved in IFN-γ production by 

effector Th1 cells (72). However, this effect on CD4+ T cells does not impair the ability of 

the mice to develop strong Ab responses against the spirochete, including isotypes that are 

borreliacidal and can fix complement.

Carditis prevalence was not affected by the lack of the specific activator of p38 MAP kinase, 

MKK3, suggesting as previously reported (64, 73) that the mechanisms that trigger both 

inflamma-tory processes (arthritis and carditis) are different. The lack of modulation of 

carditis prevalence could also be due to differences in activity regulation of the kinase in the 

joints and the heart. Indeed, p38 MAP kinase isoform distribution in different tissues is not 

homogeneous (74), and p38 MAP kinase can also be activated by the upstream kinase 

MKK6 (49). Our results suggest that MKK3 activity is more relevant for joint than cardiac 

inflammation during Lyme borreliosis. Further work is required to understand the 

differences between both inflammatory phenomena.

In summary, we show in this work that the p38 MAP kinase cascade may have a profound 

impact on the overall immune response to the infection with B. burgdorferi, in activating 

innate immune cells with subsequent production of proinflammatory cytokines and the 

development of Th1 responses. Because pyridinyl imidazole drugs that specifically target 
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this pathway are currently under evaluation under clinical trials, the knowledge of specific 

mechanisms used by the spirochete to induce inflammation will bring new therapeutic 

approaches to treat this highly prevalent infection, without compromising the Ab response 

that is necessary for the bacterial clearance.
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FIGURE 1. 
B. burgdorferi induction of p38 MAP kinase phosphorylation results in proinflammatory 

cytokine production. A, The murine macrophage cell line RAW 264.7 (2 × 106 cells/ml) was 

incubated with 10 μg/ml of a B. burgdorferi extract for different time points in the presence 

of 10 μg/ml polymixin B, and the phosphorylation status of p38 was analyzed by Western 

blot. Equal loads were assured by reprobing the membranes with an anti-actin Ab (control). 

B, The p38 MAP kinase specific inhibitor SB 203580 inhibits B. burgdorferi-induced TNF-

α production in RAW 264.7 cells. A total of 2 × 106 cells/ml was activated with 10 μg/ml of 

a B. burgdorferi lysate in the presence of different molar concentrations of SB 203580 and 

10 μg/ml polymixin B for 16 h. The supernatants were analyzed for TNF-α by capture 

ELISA. The results are representative of at least three independent experiments.
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FIGURE 2. 
B. burgdorferi-infected MKK3-deficient mice develop a lower inflammatory response. A, 

Two-week-infected mice were analyzed for IL-12 (filled bars), IFN-γ (shaded bars), and 

TNF-α (open bars) in the serum. B, The activation status of Mac-1+ and Ly6G+ splenocytes 

was assessed by fluorescent staining of surface IFN-γRα. Splenocytes were obtained from 2-

wk-infected MKK3-deficient and wild-type controls with B. burgdorferi, double stained 

with anti-CD11b or anti-Ly6G plus anti-IFN-γRα, and analyzed by flow cytometry. The 

results shown are representative of five to six mice in each group in two independent 

experiments.
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FIGURE 3. 
A, IFN-γ and IL-4 production by CD4+ T cells in response to B. burgdorferi Ags in vitro. 

CD4+ T cells were purified from MKK3-deficient and wild-type controls at 2 wk of 

infection and restimulated in vitro with 10 μg/ml of a B. burgdorferi lysate in the presence of 

syngeneic APCs. The supernatants were analyzed by capture ELISA for IFN-γ (filled bars) 

and IL-4 (open bars) at 40 h of stimulation. Results are the average of four mice and are 

representative of three independent experiments. B, B. burgdorferi-specific Ab isotype titers 

at 2 wk of infection in MKK3-deficient mice (open bars) and wild-type controls (filled bars). 

The results are representative of at least five experiments with similar results.
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Table I

Arthritis and carditis prevalence in MKK3-deficient mice at 2 and 8 wk of infection
a

Mice Day of Sacrifice Infection Arthritis Carditis

Control 14 8/8 8/8 3/8

MKK3–/– 14 5/5
1/5

b 2/5

Control 60 7/7 4/7 3/7

MKK3–/– 60 5/5
0/5

b 3/5

a
At sacrifice, rear limbs and hearts were fixed in formalin and embedded in paraffin. For arthritis prevalence, both knees and tibiotarsi were 

analyzed.

b
Significantly different from control-infected mice. Value of p < 0.05 (Student's t test).

J Immunol. Author manuscript; available in PMC 2015 January 29.


