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Obesity and diabetes are among the greatest risk factors for infection following total joint arthroplasty. However, the underlying
mechanism of susceptibility is unclear. We compared orthopedic implant-associated Staphylococcus aureus infections in type 1
(T1D) versus type 2 (T2D) diabetic mouse models and in patients with S. aureus infections, focusing on the adaptive immune
response. Mice were fed a high-fat diet to initiate obesity and T2D. T1D was initiated with streptozotocin. Mice were then given a
trans-tibial implant that was precoated with bioluminescent Xen36 S. aureus. Although both mouse models of diabetes demon-
strated worse infection severity than controls, infection in T2D mice was more severe, as indicated by increases in biolumines-
cence, S. aureus CFU in tissue, and death within the first 7 days. Furthermore, T2D mice had an impaired humoral immune re-
sponse at day 14 with reduced total IgG, decreased S. aureus-specific IgG, and increased IgM. These changes were not present in
T1D mice. Similarly, T2D patients and obese nondiabetics with active S. aureus infections had a blunted IgG response to S. au-
reus. In conclusion, we report the first evidence of a humoral immune deficit, possibly due to an immunoglobulin class switch
defect, in obesity and T2D during exacerbated S. aureus infection which may contribute to the increased infection risk following
arthroplasty in patients with T2D and obesity.

Primary total hip and knee arthroplasties are common proce-
dures, with over 800,000 occurring in the United States in

2006 (1). This number is projected to climb to 4 million by 2030
(2). The infection rate following these procedures is currently ca. 1
to 3% in the general population (3, 4), with Staphylococcus aureus
and Staphylococcus epidermidis being the most frequent and per-
sistent infectious organisms (5–7). Diabetes and obesity are two of
the greatest risk factors for developing osteoarthritis (8), as well as
developing an infection after total joint replacement (4, 9). Recent
clinical studies have shown at least a doubling of the infection rates
following knee and hip arthroplasty in the diabetic and obese pop-
ulations (1), with some studies showing a 3- to 5-fold increase in
infection rates (10, 11). Two factors have increased the serious
implications of these risks: the emergence and increasing numbers
of methicillin-resistant S. aureus infections (12) and the obesity
epidemic.

The underlying cause(s) of increased susceptibility to infection in
type 1 (T1D) and type 2 (T2D) diabetics following total joint arthro-
plasty is not understood. One widely held view is that hyperglycemia
is responsible (13). This, however, does not take into account the
increased susceptibility of nondiabetic obese and prediabetic patients
to S. aureus infection, which suggests alternate or additional risk
factors for infection besides hyperglycemia. Although untreated
T1D and T2D are hyperglycemic, the underlying pathology be-
hind each disease differs significantly. T1D is associated with au-
toinflammation targeting the beta cells causing hypoinsulinemia,
whereas T2D is associated with hyperinsulinemia (at least in the
early stages), chronic low-grade inflammation, obesity, and insu-
lin resistance. Elucidating the differences between these two dis-
eases will facilitate discriminating the underlying mechanism(s)
of susceptibility to infection in diabetics.

To date, the innate immune response to infection in diabetes
has been more intensely studied than the adaptive immune re-

sponse. Studies have indicated reduced monocyte function, with
macrophages and neutrophils from diabetics showing an impair-
ment in cytokine release, oxidative burst, and phagocytic capabil-
ity (13–16). Despite evidence that cells involved in adaptive im-
munity are causative in the progression of both T1D and T2D
(17–19), few have studied how this involvement may affect re-
sponses to infection. One clinical study demonstrated an impaired
humoral immune response to influenza vaccination in obese pa-
tients (20). Another group demonstrated reduced titers to tetanus
vaccine in obese children (21). Although these studies are valuable
in assessing the immune response of obese patients, more studies
must be completed to determine the mechanism behind altered
adaptive immunity, as well as to determine the response of diabet-
ics to live pathogens, such as S. aureus.

The overall goal of this study was to further define risk factors
for infection in T1D and T2D, particularly infections associated
with orthopedic implants. The specific aim was to identify poten-
tial defects in the adaptive immune response to S. aureus infection
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that may be unique to T2D. To address this aim, we studied hu-
man samples and used widely accepted models of T1D and T2D.
The high-fat diet (HFD) mouse model of obesity and diabetes
mimics many aspects of human T2D. After 3 months on an HFD,
the genetically susceptible C57BL/6 mice become obese, insulin
resistant, and glucose intolerant (22). The streptozotocin model of
T1D has been used since the late 1960s due to its selective destruc-
tion of beta cells (23). More recently, it has been used in multiple
low doses to induce mild hyperglycemia (24) with minimal insu-
linitis in the C57BL/6 background (25). Hyperglycemia with lim-
ited inflammation and auto-immunity makes the streptozotocin-
treated mouse a useful model for comparing the effect of S. aureus
infections in hyperglycemia alone (T1D mouse) to that of obesity-
induced hyperglycemia (T2D mouse). By comparing two distinct
but related models of diabetes, the role of hyperglycemia in alter-
ing S. aureus infections and humoral immunity can be defined.

MATERIALS AND METHODS
Animals. Animal studies were performed in accordance with protocols
approved by the University of Rochester’s Committee on Animal Re-
sources that maximize humane treatment and alleviation of suffering.
Male C57BL/6J mice purchased from Jackson Laboratories (Bar Harbor,
ME) were housed five per cage in one-way housing on a 12-h light/dark
cycle. To model T2D, mice were placed on a high-fat (60% kcal, D12492)
or low-fat (10% kcal, D12450J) diet at 5 weeks of age (Open Source Diets;
Research Diets, Inc., New Brunswick, NJ). To model T1D, streptozotocin
(S0130; Sigma) was administered to 12-week-old mice at 40 mg/kg in
citrate buffer as described elsewhere (24) on 4 consecutive days. Vehicle
control mice received citrate buffer alone. Streptozotocin and vehicle-
treated mice were fed standard chow (Lab Diet, St. Louis, MO). After
streptozotocin treatment, mice were allowed to recover for 2 weeks. Prior
to infection, overnight fasting and nonfasting blood glucose levels were
measured using OneTouch glucose meters (Lifescan, Inc., Milpitas, CA).
Glucose tolerance testing was also performed on mice that had fasted
overnight. Mice were injected intraperitoneally with a 300-mg/kg bolus of
glucose in sterile saline. Glucose levels were measured at 15, 30, 60, and 90
min. Streptozotocin-treated mice with nonfasting blood glucose levels
below 200 mg/dl were excluded from the present study.

Orthopedic implantation and infection. Infected orthopedic im-
plants were generated and placed as we have previously described (26). In
short, a flat (cross-section, 0.2 by 0.5 mm), stainless steel surgical wire was
cut to a 4-mm length and bent at 1 mm to form an L-shaped pin. The pins
were then sterilized and placed for 20 min in an overnight culture of
Xen36 S. aureus (Perkin-Elmer, MA) grown to log phase. The inoculation
dose on the pins was determined to be 2 � 105 CFU by sonication of
individual pins, serially diluting the extracts, and plating on tryptic soy
agar plates.

Mice were anesthetized using intraperitoneal injections of ketamine at
60 mg/kg and xylazine at 4 mg/kg with a preoperative buprenorphine
regimen. The right leg was shaved and washed, and a 3- to 5-mm incision
was made on the medial surface below the knee. The tibia was then pre-
drilled from medial cortex through lateral cortex using 30-gauge and 26-
gauge needles successively. The S. aureus-coated implant was then placed
in the defect. The surgical site was closed using 5 to 0 interrupted sutures.
Bioluminescence was measured by using a Xenogen IVIS camera system
(Alameda, CA) on indicated days.

Tissue harvesting and bacterial CFU counting. Mice were sacrificed
at day 7 and 14 under anesthesia. Blood was collected by cardiac puncture.
The CFU of S. aureus in infected tibiae were quantified after infected and
necrotic soft tissue surrounding the pin insertion site was harvested and
weighed, and the remaining tissue was dissociated from the tibia. Tissues
were homogenized using an IKA T-10 handheld homogenizer (Wilming-
ton, NC). Tenfold serial dilutions were prepared in phosphate-buffered

saline (PBS), 100-�l portions of each dilution were plated on tryptic soy
agar plates, and the colonies were counted at 24 h.

Serum immunoglobulin and antibody assays. (i) Total IgG and IgM
assays. For mouse enzyme-linked immunosorbent assays (ELISAs), 2 �g
of goat anti-mouse IgG and IgM (Southern Biotech, Birmingham, AL)/ml
was coated onto 96-well plates (Nunc, catalog no. 442404). For human
ELISAs, goat anti-human IgG and IgM were used. After blocking in 3%
bovine serum albumin for 1 h, serum at 1:10,000 was added to the wells
(100 �l), followed by incubation at 4°C for 1 h. After five washes with
PBS-Tween (PBST), secondary antibody (anti-IgG or anti-IgM; Southern
Biotech) conjugated to horseradish peroxidase was added at a dilution of
1:4,000, followed by incubation for 1 h at 4°C. Sureblue peroxidase was
used as a substrate (catalog no. 52-00-01; KPL, Gaithersburg, MD).

(ii) Whole S. aureus extract assay. S. aureus extracts were prepared by
incubating 1 ml of an overnight culture of Xen36 S. aureus with 20 mg of
lysozyme (Sigma) and 1 mg of lysostaphin (Sigma) in sterile water. Extract
was then used as a coating antigen in an ELISA at 1:2,000 in PBS. After
blocking and washing in PBST, serum was added at 1:10, followed by IgG
or IgM secondary antibody. For ELISAs where no standard control was
available, one mouse or patient was chosen as the standard and set to an
arbitrary unit of 1 for subsequent assays.

(iii) S. aureus antigen-specific assays. The titers of antibodies to eight
S. aureus antigens were determined by Luminex-based assays using re-
combinant S. aureus antigen-tagged microbeads and a Bio-Rad BioPlex
instrument as described by the manufacturer. Antigens were synthesized
by and purchased from GenScript (Piscataway, NJ) and chosen based on
their potential as markers for S. aureus infection. Consideration for inclu-
sion took into account location within the organism (i.e., intracellular,
cell wall, and excreted), as well as function (i.e., iron binding, cell adhe-
sion, survival factors, etc.), and included Gmd, Amd, IsdA, IsdB, IsdH,
ClfA, ClfB, and FnbA.

Human subjects. All work with human samples and the protocol for
specimen procurement was reviewed and approved by the Research Sub-
jects Review Board at the University of Rochester Medical Center. Patients
with positive cultures for S. aureus infections, as reported by the Micro-
biology Laboratory at the University of Rochester Medical Center, were
identified through the laboratory information system. The data collected
from these cases included height, weight, body mass index (BMI), diabetic
status, HbA1c level, and infection site. Any preexisting serum samples
collected for clinical analysis within the prior 4 days on each patient were
located in the Clinical Laboratory, and one aliquot was retrieved. Deiden-
tified sera and associated patient data were made available to the investi-
gators. Exclusion criteria included pancreatic insufficiency, hemodialysis,
AIDS/HIV infection, and a height of less than 4 feet. Sites of infection were
heterogeneous in nature and consisted mainly of surgical sites, wound
abscesses, and bone infections. Importantly, there were no significant dif-
ferences in the types of infections between nondiabetic and diabetic pa-
tients. Patients with positive cultures from catheters, sputum, and skin
infections were excluded.

Statistics. Multiple analyte comparisons were measured using one- or
two-way analysis of variance (ANOVA) and Bonferroni’s posttest. An
unpaired Student t test was used when two groups were compared, in-
cluding area-under-the-curve measurements. Area-under-the-curve
measurements were determined by counting the total area above zero.
The data sets with non-normal distribution were compared by using the
Mann-Whitney test. All statistics were analyzed using GraphPad Prism.

RESULTS
Impaired glucose tolerance in mouse models of type 1 and type 2
diabetes. Both HFD-fed T2D mice and streptozotocin-treated
T1D mice were hyperglycemic compared to matched controls.
Although T2D mice were consistently hyperglycemic in the fasting
state, T1D mice had only modestly elevated fasting glucose (Fig.
1A), a finding consistent with the reported lack of sensitivity of
this parameter to modest loss of beta cells (27). Hyperglycemia in
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T1D mice was pronounced in nonfasting samples, while the levels
in T2D mice were not significantly higher than in vehicle control
mice (Fig. 1B). Using a glucose tolerance test, both the T1D and
the T2D mice displayed similar glucose intolerance (Fig. 1D and
E). As expected, HFD-induced T2D mice gained significantly
more weight than mice on a low-fat diet. Streptozotocin-treated
T1D mice weighed significantly less than vehicle control mice,
likely due to their impaired ability to produce insulin and result-
ing catabolic state (Fig. 1C).

T2D mice have more severe S. aureus bone infection than
T1D mice. Mice were infected with methicillin-sensitive Xen36 S.
aureus at the time of implant insertion through the medial tibia.
Xen36 is a clinically isolated bioluminescent strain that enables
burden of metabolically active bacteria to be studied longitudi-
nally in vivo. Over a 14-day time course, only T2D mice had sig-
nificantly increased total S. aureus (bioluminescence) at the im-
plant site compared to control groups, as indicated by the area
under the curve, although a trend was present in T1D mice (Fig.
2A and B). Interestingly, this increased bacterial burden was most
apparent at different time points in the infection process, with
T2D affecting the early course of infection (Fig. 2C), while T1D
affected later stages of infection (Fig. 2D). Furthermore, 15% of

the T2D mice died within 4 days of placement of the infected
implant, whereas no T1D or control mice died (Fig. 2E and F).

To confirm the results of the bioluminescence assay, the S.
aureus CFU were quantitated from the infected tibia and adjacent
necrotic, infected soft tissues at 7 and 14 days postinfection. At day
7, significantly more colonies of S. aureus were isolated from the
tibias of infected T2D mice (Fig. 3A) than from controls. This is
consistent with the bioluminescence data (Fig. 2A and C). T2D
mice also showed a trend toward increased CFU from the sur-
rounding necrotic soft tissue (Fig. 3B) and increased wet
weight of this necrotic tissue (data not shown). No differences
were observed in the CFU from bone or soft tissue of T1D mice
at day 7 (Fig. 3A and B). This is also consistent with the biolu-
minescence data. At day 14, no differences in CFU were ob-
served in the bones of T2D mice or T1D mice compared to
control groups (Fig. 3C). However, an increase in CFU of S. aureus
in the soft tissue abscess of T1D but not T2D mice was observed
(Fig. 3D). This confirms the bioluminescence data and may indi-
cate that the later rise in infection severity in T1D mice may reflect
increased soft tissue infection rather than bone infection.

Bone infection in T2D mice may be more susceptible to he-
matogenous spread. S. aureus infections that cannot be con-

FIG 1 T2D and T1D models are both associated with hyperglycemia and impaired glucose tolerance. C57BL/6 mice at 5 weeks of age were placed on an HFD
(T2D model) or lean diet for 12 weeks. Similarly paired 15-week-old mice were treated with streptozotocin at 40 mg/kg (T1D model) or vehicle on 4 consecutive
days 2 weeks prior to testing. (A and B) Blood glucose measurements were made after an overnight fast (A) and in the nonfasting state (B). (C) Body weight was
measured preinfection. (D and E) Glucose tolerance tests were performed on fasting mice (D), and the areas under the curve were analyzed based on data from
individual mice (E). The results shown in panels A, B, and C were analyzed by unpaired Student t test; the results in panel D were analyzed by two-way ANOVA
with Bonferroni’s multiple-comparison test. No significant difference was measured between HFD- and streptozotocin-treated mice. The results shown in panel
E were analyzed by one-way ANOVA with Bonferroni’s multiple-comparison test. Error bars represent the standard errors of the mean. n � 5 for all. *, P � 0.05;
**, P � 0.01; ***, P � 0.001. HF, high-fat diet; Veh., vehicle treated; Strep., streptozotocin treated.
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trolled by the immune response at the original site of infection are
likely to spread hematogenously or nonhematogenously to colo-
nize other body sites. The bioluminescence results indicated active
infection or colonization in the nares and in the urinary tracts of
mice with implant-associated infections at day 14. The mean S.
aureus bioluminescence in the nares of T2D mice was significantly
greater than in lean controls. The number of T2D mice with bio-
luminescence in the nares (6/10) was also higher than that in con-
trols (2/10). Only one T1D mouse and no vehicle controls dis-
played significant bioluminescence in the nares (Fig. 4A and C). In
the urinary tract, bioluminescence again indicated more active
infection in T2D mice (Fig. 4B). T1D mice only trended toward an
increase in urinary tract bioluminescence compared to controls

(Fig. 4B and C). Thus, T2D mice demonstrated an apparent in-
crease in S. aureus colonization in the urinary tract and nares, a
result that was not noted in T1D mice.

T2D but not T1D mice display an altered adaptive immune
response. Although the impaired innate immune response in di-
abetes models has been relatively well characterized (13–16), the
adaptive immune response, particularly in the obese, diabetic
HFD model, has not been well studied. We observed here that
serum IgG levels in HFD-induced T2D mice were less elevated
than in controls at 14 days after S. aureus infection (Fig. 5A). No
differences were observed between the groups prior to infection.
In contrast, uninfected streptozotocin-treated mice had a signifi-
cant increase in total IgG prior to infection, likely reflecting resid-

FIG 2 T2D mice have more severe S. aureus infections than T1D mice. Xen36 S. aureus-derived bioluminescence was measured at the site of the infected tibiae
of T2D versus lean control mice (A) and T1D versus vehicle control mice (B). Area-under-the-curve measurements represent the average bioluminescence above
zero in each group based on individual mice. (C) Day 4 bioluminescence in T2D mice versus lean control and T1D mice versus vehicle control. (D) Day 12
bioluminescence. (E and F) Percentages of T2D and lean controls (E) and T1D and vehicle controls (F) that survived over a 14-day infection. Two-way ANOVA
was used to assess longitudinal bioluminescence (P � 0.0001 for panels A and B, as determined by Bonferroni’s multiple-comparison test). An unpaired Student
t test was used for all other comparisons. A log-rank test was used to assess survival. *, P � 0.05; **, P � 0.01. n � 7.
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ual immune response to beta cell apoptosis as a result of the drug.
However, no differences in IgG levels were observed between T1D
mice and controls at day14 (Fig. 5B). Serum IgM levels, which are
the first immunoglobulins released in response to infection, were

elevated in the T2D mice compared to controls (Fig. 5C). T1D
mice had similar IgM levels to controls, both prior to and after
infection (Fig. 5D).

Using an ELISA against extracted S. aureus proteins, IgG anti-

FIG 3 Temporal differences in S. aureus infection between T1D and T2D mice. S. aureus CFU were isolated from infected tibias and adjacent infected soft tissues
at days 7 and 14 after implant placement in T1D, T2D, and control mice. (A) CFU isolated at day 7 from tibias. (B) CFU isolated at day 7 from soft tissues. (C)
CFU isolated from tibias at day 14. (D) CFU isolated from soft tissues at day 14. *, P � 0.05 (unpaired Student t test). n � 7.
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FIG 4 The spread of S. aureus infection to urinary tracts and nares is more frequent and severe in T2D mice. The spread of Xen36 S. aureus infection in T1D and
T2D mice was monitored by bioluminescence (BLI). (A) BLI was measured in the nares of T2D mice and lean controls and of T1D mice and vehicle controls by
using area of interest gating. (B) BLI in the urinary tract was measured and compared between T2D and T1D mice and their respective controls. (C) Represen-
tative full-body scans of mice infected with Xen36 S. aureus. All measurements were made at day 14. n � 10. *, P � 0.05; **, P � 0.01 (Mann-Whitney test).

June 2015 Volume 83 Number 6 iai.asm.org 2269Infection and Immunity

http://iai.asm.org


body concentrations were reduced in infected T2D mice (Fig. 5E).
An increase in IgM antibody concentration against S. aureus-spe-
cific antigens was also observed in T2D mice (Fig. 5G), paralleling
the global increase in IgM. These reciprocal changes in S. aureus-
specific IgG and IgM antibodies were not observed in serum from
T1D mice (Fig. 5F and H). This response was further evaluated
using an eight-S. aureus-antigen Luminex-based ELISA. Antibody
levels against iron-regulated surface determinant B (IsdB) were
highly sensitive to the blunting effect of T2D (Fig. 5I). Further-
more, antibodies to six of the seven remaining antigens demon-
strated a similar but nonsignificant trend. To confirm the results,

anti-IsdB levels were measured in a second mouse cohort using a
single-analyte ELISA. Anti-IsdB antibody levels were again re-
duced in T2D mice (Fig. 5J). As with other humoral immune
responses, no difference in anti-IsdB antibody levels was observed
between T1D mice and controls (Fig. 5K).

Infected T2D patients have reduced anti-S. aureus antibody
levels. Serum samples were obtained at the time of culture confir-
mation of active S. aureus infection from local wound swabs in
control patients and patients with T1D and T2D. Mean total IgG
levels were higher in each infected patient category compared to
uninfected controls regardless of diabetic status (Fig. 6A). No con-

FIG 5 T2D mice display a blunted immunoglobulin response to S. aureus infection. At day 14 postinfection, blood was collected from infected and uninfected
T1D and T2D mice and matched controls. Serum immunoglobulin levels were measured by ELISA in each group. (A and B) Total IgG; (C and D) total IgM. Using
S. aureus extracts as the coating antigen in an ELISA, immune responses directed against S. aureus were quantitated in samples from infected mice. (E and F) IgG
antibody responses; (G and H) IgM antibody responses. (I) Antibody titers in infected mice were measured against eight selective S. aureus antigens using a
Luminex-based ELISA. (J and K) Antibodies directed against the S. aureus antigen IsdB were measured by a single-analyte ELISA. Plots represent the means �
the SEM of normalized absorbance at 450 nm. n � 8. *, P � 0.05; **, P � 0.01. The results in panels A to D and panel I were assessed by one-way ANOVA with
Bonferroni’s multiple-comparison test. The results in panels E to H were assessed by an unpaired Student t test. The results in panels J to K were assessed by a
Mann-Whitney test. HF, high-fat diet; Veh., vehicle treated; Strep., streptozotocin treated.
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sistent trends in total IgM levels were apparent (Fig. 6B). Anti-S.
aureus IgG levels were significantly increased in infected nondia-
betic and T1D patients compared to noninfected controls, but no
significant increase was seen in the T2D patients (Fig. 6C). None
of the T2D patients had anti-S. aureus levels as high as the mean

for the nondiabetic group (Fig. 6D). With obesity being strongly
associated with T2D, the relationship between body mass and
anti-S. aureus levels were examined. As shown in Fig. 6E, all in-
fected patients stratified into two groups, one that contained all of
the robust antibody responders to infection, and a second that

FIG 6 Diabetic patients with active S. aureus infections have blunted IgG-specific humoral responses to S. aureus. Human samples were collected from S.
aureus-infected patients or control patients. Serum immunoglobulin levels and selected antibody concentrations were measured by ELISA in each group. (A)
total serum IgG; (B) total serum IgM. Using S. aureus extracts as the coating antigen in an ELISA, IgG immune responses directed against S. aureus were
quantitated in all groups (C), and nondiabetic infected and T2D infected patient concentrations were compared (D). The dashed line in panel D represents the
mean IgG response to S. aureus in nondiabetic controls. (E) Anti-S. aureus IgG response as a function of BMI. The vertical line at a BMI of 30 represents the cutoff
for obesity. (F) Nondiabetic patients were stratified into two groups based on BMIs of �30 and �30, and their anti-S. aureus IgG responses were compared. (G)
Anti-S. aureus IgG levels from type 1 and type 2 diabetic patients were plotted as a function of their HbA1c level at the time of clinical identification of S. aureus
infection. Comparisons between more than two groups used one-way ANOVA with Bonferroni’s multiple-comparison test. Comparisons between two groups
were made using an unpaired Student t test. *, P � 0.05; **, P � 0.01.
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contained only low responders. The former were localized almost
exclusively at or below the BMI cutoff for obesity of 30. One ro-
bust nondiabetic responder had a BMI of 30.8. Most T2D patients
had BMIs above 30 (Fig. 6E and Table 1). Only one T1D patient
had a BMI significantly higher than 30. Nondiabetic patients with
BMIs above 30 had low anti-S. aureus levels (Fig. 6F), with the
exception of the one patient noted above. Furthermore, when
plotted as a function of HbA1c, representing the average plasma
glucose concentration over a 6- to 12-week period, there was no
correlation between HbA1c levels and anti-S. aureus IgG in either
type 1 or type 2 diabetics (Fig. 6G). This further indicates that the
blunted immunoglobulin response is independent of hyperglyce-
mia. Taken together, both T2D and obese nondiabetics display
blunted IgG responses to S. aureus infection.

DISCUSSION

In this study, a mouse model of T2D, the classic HFD mouse,
developed more severe implant-associated S. aureus bone infec-
tions than the streptozotocin, T1D mouse model. This conclusion
is based on elevated bioluminescence at the implant site (reflecting
proliferation of the bioluminescent Xen36 strain of S. aureus) and
increased CFU isolated from the tibia of the T2D mice compared
to controls and T1D mice. T2D mice were also more susceptible to
death following S. aureus infection. In most cases, death correlated
closely with exceptionally high levels of bioluminescence (data not
shown). Death was likely due to bacterial sepsis, but this was not
confirmed. Furthermore, attrition of T2D mice from the data set
likely causes an underestimation of the differences in response to
S. aureus infection between T2D and controls. Notably, no mice in
the streptozotocin, vehicle, or lean-fed groups died. It should be
noted that Xen36 S. aureus, while a clinical isolate, has been less
extensively characterized than more frequently used strains
such as UAMS-1 or USA300. Thus, little is known of its viru-
lence factors. Nonetheless, our data are consistent with clinical
studies indicating obese and T2D patients are at increased risk
for infection following total joint arthroplasty (1, 10). It is
clear, however, that T1D mice also had more severe infections
than their vehicle-treated controls at day 14. This agrees with studies
indicating that T1D is also a risk factor for S. aureus infection (28).
Thus, both T1D and T2D mouse models showed increased S. au-
reus infection severity relative to controls, though the course of the
infections differed considerably between the two groups. Since
both T1D and T2D are characterized by hyperglycemia, it is
likely that hyperglycemia is a contributing factor to infection
progression. However, other disease characteristics that distin-

guish these two types of diabetes likely contribute to the dis-
tinct features that define their differing courses of infection in
the present study.

Bacteria that are not contained at the original infection site
are likely to spread to other areas of the body and can be ex-
creted or shed through the urinary tract. Only the T2D mice
showed a significantly increased susceptibly to hematogenous
spread of Xen36 S. aureus, as indicated by elevated biolumines-
cence within the urinary tract. There was also an increase in bio-
luminescence in the nares of mice with T2D. This could be due to
higher levels of S. aureus excretion in T2D mice and subsequent
colonization or to hematogenous spread. Regardless of the mech-
anism, the susceptibility of mice with T2D to nasal colonization by
S. aureus was increased. Clinical studies have indicated that both
T2D and obesity increase the rate of S. aureus colonization in the
nares (29, 30). Thus, the T2D mouse simulates the human disease
state.

S. aureus growth at the infection site in T2D mice was greater
than that in controls at days 4 to 7 but was reduced to that of
control mice at later time points (Fig. 2 and 3). Decreased plank-
tonic growth and increased biofilm formation may contribute to
this decreased bioluminescence. Since this reduction correlates
with the increase in bioluminescence in other body sites, it is fea-
sible that T2D mice do not clear the infection, but rather the in-
fection spreads to other body sites. Supporting this interpretation,
in many instances, S. aureus was isolated from the kidneys, blad-
der, and blood of T2D mice (data not shown). Thus, increased
bacterial load and colonization indicate that T2D mice have an
increased severity of infection compared to both lean-fed control
and T1D mice.

While mouse models of diabetes have been used to show im-
paired cellular immunity in both macrophages (31) and neutro-
phils (13, 14), humoral immunity has not been well studied in
T2D models. In this report, we demonstrate an impaired adaptive
immune response in mice with obesity-associated T2D. In agree-
ment with our results, clinical studies have shown that obesity is
associated with an impaired humoral immune response to influ-
enza vaccination (20), and obese children have reduced titers to
the tetanus vaccine (21). A genetic model of T2D also displayed an
impaired immunoglobulin response to West Nile virus (32). Al-
though T2D mice have an impaired adaptive immune response to
S. aureus infection, T1D mice do not, indicating that this effect is
T2D specific. It cannot be ruled out that impaired cellular de-
fects that have been demonstrated elsewhere (14, 31), specifi-
cally upstream of antigen presentation, are causative in re-

TABLE 1 Demographic data for S. aureus-infected patientsa

Parameter

Mean � SD (range)

PbNondiabetic Type 1 diabetic Type 2 diabetic

No. of patients 31 6 13
Wt (kg) 83.0 � 25.7A (36.3–168.4) 80.2 � 15.4 (68.0–104.3) 106.1 � 34.8A (65.7–179.4) �0.05A

Ht (m) 1.71 � 0.10 (1.45–1.88) 1.67 � 0.17 (1.37–1.88) 1.66 � 0.14 (1.44–1.85) 0.67
BMI 27.8 � 6.7B (18.9–43.8) 27.7 � 7.6C (19.6–40.8) 37.5 � 8.4B,C (26.3–52.2) �0.001B; �0.05C

HbA1c (% [mmol/mol]) NAc 8.8 � 2.4 (6.0–12.3) 7.6 � 1.4 (5.7–9.8) 0.2
73 � 26 (42–111) 60 � 15 (39–84)

a Deidentified serum samples from patients with culture-positive S. aureus infections were collected and grouped based by diabetic status. Each value represents the mean of each
group � the standard deviation. P values were determined by one-way ANOVA with Bonferroni’s post hoc test.
b P values in the last column correspond to the matching superscript capital letters in columns 2 to 4.
c NA, not applicable.
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duced antibody levels in T2D mice. However, increased total
IgM levels in T2D mice at day 14 postinfection provide support
for a B cell defect, specifically an impairment in class switching
as opposed to a defect in antigen presentation. This immuno-
globulin class switching defect is of particular note, as patients
with X-linked agammaglobulinemia or Bruton agammaglobu-
linemia are at increased risk for S. aureus infections (33, 34). In
addition, cutaneous S. aureus granulomatosis (botryomycosis)
has also been reported in mice with non-sex-linked agammaglob-
ulinemia (35). Regardless of mechanism, an IgG production de-
fect is very likely to increase susceptibility to and severity of infec-
tions.

S. aureus-infected patients with T2D consistently demon-
strated a markedly reduced antibody response to S. aureus anti-
gen, mirroring the results from the mouse model of T2D. T1D
patients were indistinguishable from nondiabetics. This further
indicates that characteristics specific to T2D impair the IgG re-
sponse to S. aureus infection. Importantly, two distinct popula-
tions were apparent in the nondiabetic control patients when their
antibody levels against S. aureus were plotted against BMI. All but
one robust responder had BMIs less than 30, the cutoff for obesity.
Since some of our T2D patients had BMIs of �30 and yet had low
antibody levels, it cannot be concluded that obesity accounts for
the low antibody response in this patient group. It appears that
both T2D and obesity are factors in the blunted humoral immune
response to S. aureus. Importantly, there was no correlation be-
tween HbA1c levels and anti-S. aureus IgG response in type 1 or
type 2 diabetics. This further indicates a mechanism other than
hyperglycemia that drives the impaired humoral immune re-
sponse. There were no consistent differences in sites of infection in
the patient populations to account for the differences in response.
Taken together, our data indicate that both obesity and T2D result
in a blunted anti-S. aureus antibody response to infection. Since
type 1 diabetic patients do not share in this adaptive immune
defect, it is unlikely that hyperglycemia is the driving effect behind
this phenomenon.

Obesity and its associated low-grade chronic inflammation are
known to be major drivers of T2D (36). Chronic inflammation
has also been shown to impair B cell humoral immune responses
in the context of aging (37). Obesity-associated T2D in the mouse
is characterized by increased systemic tumor necrosis factor and
chronic inflammation, similar to aged mice. The T2D mouse
model of obesity and diabetes is also associated with increased
interleukin-6 and gamma interferon production by B cells within
the spleen (17), further indicating inflammation in a cell type that
is crucial in mounting a humoral immune response to infection.
Therefore, chronic inflammation associated with obesity and T2D
may downregulate B cell responses, decrease B cell-driven anti-
body production, and increase infection rates in T2D. Although
this hypothesis has yet to be tested in this model of obesity-in-
duced type 2 diabetes and infection, it warrants further investiga-
tion.

In conclusion, we have demonstrated a blunted anti-S. aureus
IgG antibody response to infection in obesity-associated T2D
mice, as well as in obese and T2D patients. This reduction in
antibody levels against S. aureus is a potential mechanism leading
to increased susceptibility of obese, T2D patients to S. aureus in-
fections such as those associated with total joint arthroplasty.
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