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B Cell-Activating Factor Is Associated with Testosterone
and Smoking Status in Non-Ambulatory Men
with Chronic Spinal Cord Injury
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Abstract

B cell-mediated autoimmunity may contribute to poor neurological outcomes after spinal cord injury (SCI). B cell-
activating factor (BAFF) is a key cytokine involved in B cell development, proliferation, activation, and survival whose
expression is elevated in men with chronic SCI. The aim of this study was to assess factors associated with circulating BAFF
in non-ambulatory males with chronic SCI. We assessed the association between clinical and demographic factors, health
habits, and circulating BAFF levels in a convenience sample of 43 non-ambulatory men with chronic spinal cord injury (=
1 year post-injury). Serum BAFF and total testosterone levels were quantified by enzyme-linked immunosorbent assay. Body
composition was determined by whole body dual-energy X-ray absorptiometry. In multivariable models, active smokers had
significantly greater BAFF levels than former/nonsmokers (871 pg/mL vs. 665pg/ml, p=0.002). BAFF decreased
36+ 11.1 pg/mL for every 1 ng/mL increase in total testosterone (p=0.002). This model explained 41% of the variation in
circulating BAFF levels (model p<0.0001). Our findings suggest that modifiable health habits may be associated with
elevated BAFF levels in men with non-ambulatory chronic SCI. Further, the significant and independent negative association
between testosterone levels and BAFF would suggest a link between androgen deficiency and autoimmunity observed in SCI
via modulation of BAFF and B cell numbers. This points toward BAFF as a potential biomarker of injury severity and a

target of therapies designed to reduce neuroinflammation and improve neurological outcomes after SCI.

Keywords: B cell-activating factor (BAFF); biomarker; rehabilitation medicine; spinal cord injury; testosterone

Introduction

EUROTRAUMA, including spinal cord injury, disrupts the

blood—spinal cord barrier. This causes exposure of central
nervous system (CNS) antigens to the immune system.! Activation
of lymphocytes with receptors specific to these antigens and pro-
duction of auto-antibodies ensues which results in an autoimmune
response. > For instance, auto-antibodies specific to CNS antigens
can be detected following injury in a mouse model of SCI. These
antibodies worsen neurological outcomes and are thought to prevent
neurological recovery.'? Antibodies against myelin basic protein
are elevated in subjects with chronic SCI and levels are greatest in
subjects with motor complete SCI.> Consistent with these findings,
there is abundant evidence (in rodents as well as in humans) that B
cells mediate a harmful autoimmune response following SCI. An-
keny and colleagues® have shown that B cell-deficient mice expe-
rience less severe motor dysfunction after SCI than wild-type (WT)
mice. In addition, injection of antibodies purified from SCI mice
into uninjured spinal cord caused paralysis.> Elevated levels of

autoantibodies were observed in SCI subjects. This was associ-
ated with several complications of autoimmunity including kidney
disease, infertility, neuropathic pain, and pressure ulcers.* Simi-
larly, B and T cell-deficient mice with spinal cord injury experi-
enced better neurological outcomes compared with WT mice.’
The mechanisms mediating the autoimmune response after SCI
have not been clearly defined. A prior study demonstrated elevated B
cell-activating factor (BAFF) levels in men with chronic SCI
compared with men without SCL®BAFFis a key cytokine involved
in B cell survival, proliferation, and differentiation into both
antibody-secreting plasma cells and long-lived memory B cells.”
Elevated circulating levels of BAFF also have been reported in
patients with autoimmune disorders including systemic lupus er-
ythematosus, Sjogren’s syndrome,® and multiple sclerosis.” There is
emerging evidence supporting circulating BAFF as a biomarker of
disease severity and progression in autoimmune disorders. However,
there is limited information on BAFF after SCI. In this study, we
sought to assess clinical and demographic factors associated with
circulating BAFF levels in non-ambulatory men with chronic SCL
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Methods
Subjects

We studied a convenience sample of participants with SCI who
were enrolled in an exercise-based clinical trial to improve bone
health.'® Subjects were recruited for the parent study from indi-
viduals who receive care at our outpatient rehabilitation clinic or
Veterans Affairs Medical Center. Participants were eligible for the
parent study if they were 18 years or older, had a C4 or lower SCI
(American Spinal Injury Association classification A, B, or C) with
3/5 greater biceps strength, and were non-ambulatory due to their
injury. Subjects were excluded if they were actively being treated
for epilepsy, actively using medications potentially affecting bone
metabolism, including parathyroid hormone (PTH) and PTH ana-
logs, bisphosphonates, androgenic steroids, estrogenic steroids,
anti-epileptics, lithium, or oral glucocorticoid (use for more than
3 months); if they had a history of peripheral nerve compression or
rotator cuff injury that limited the ability to exercise; uncontrolled
diabetes; active renal disease; implanted defibrillator or pacemaker;
an active grade 2 or greater pressure ulcer in a location that could be
worsened with exercise; had an active bone fracture or lower ex-
tremity contractures; or were pregnant or lactating. For this BAFF
substudy, we excluded 16 participants because biomarker results
were not available, six participants with acute SCI (< 1 year post-
injury), and five women, as there were too few to make meaningful
comparisons based on sex. The final consisted of 43 men with
chronic SCI who completed baseline testing between June 2011
and June 2013. The Institutional Review Boards approved all
protocols prior to initiation of the study, and all participants gave
their written informed consent to participate.

Motor score

Motor level and completeness of injury were confirmed by
physical exam at study entry by the study physician according to the
American Spinal Injury Association Impairment Scale (AIS) as
previously described.®!! Participants were classified as AIS A
(sensory and motor complete, no sensory or motor function below
the neurological level of injury), AIS B (motor complete, preser-
vation of sensory but no motor function below the neurological
level of injury), or AIS C (motor incomplete, sensory and motor
function preserved below the neurological level, and more than half
the key muscles below the neurological level are not strong enough
to overcome gravity).

Dual x-ray absorptiometry for bone mineral density

We used a 5th generation GE Healthcare iDXA dual x-ray ab-
sorptiometry (DXA) scanner with enCore configuration version
12.3 to assess body composition. Total fat mass (kg) and total lean
mass (kg) were calculated by the system software from whole body
scans, as previously described.

Biochemical analyses

Plasma samples were drawn into an ethylenediaminetetraacetic
acid tube and immediately delivered to the core blood research
laboratory at our facility. The samples were centrifuged for 15 min
at 2600 rpm (1459 x g) at 40°C and stored at —800°C until batch
analysis. All biochemical analyses were performed at the Clinical
and Epidemiologic Research Laboratory, Department of Labora-
tory Medicine at Children’s Hospital in Boston, MA. Assays were
performed in duplicate and any duplicate with >10% coefficient
of variation (CV) was repeated. BAFF was measured by enzyme-
linked immunosorbent assay from R&D Systems (Minneapolis,
MN). The assay employs the quantitative sandwich enzyme im-
munoassay technique with a sensitivity of 2.7 pg/mL and run-to-run
imprecision at BAFF concentrations of 474, 1118, and 2111 pg/mL
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are 9.9, 10.0 and 11.6%, respectively. Total testosterone was
measured by a competitive electrochemiluminescence immunoas-
say (Roche Diagnostics, Indianapolis, IN). This assay is approved
by the U.S. Food and Drug Administration (FDA) for clinical use.
The lowest detection limit of this assay is 0.02 ng/mL and the day-
to-day imprecision values at concentrations of 0.24, 2.75, and
7.01 ng/mL are 7.4, 2.2 and 1.7%, respectively. 250H vitamin D
was measured by high performance liquid chromatography tandem
mass spectrometry (HPLC-MS/MS) using an API-5000 (AB Sciex,
Foster City, CA) with a detection limit of 1.0 ng/mL.

Variable definition

Information regarding SCI, medical history, health habits, and
medication use was obtained by a questionnaire at the time of
enrollment. Participants completed a health questionnaire based on
the American Thoracic Society adult respiratory disease ques-
tionnaire.'> Smokers were defined as smoking 20 or more packs of
cigarettes or using 336 g (12 oz) of tobacco or more in a lifetime or
smoking 1 or more cigarettes a day for at least 1 year. Current
smokers reported cigarette use within 1 month of testing. Smoking
status was considered dichotomously (current smoker vs. nev-
er/past smoker). Age and body mass index (BMI), were considered
as continuous variables. 250H vitamin D level was considered as a
continuous variable and categorized as sufficient (= 30 ng/mL) or
deficient (< 30 ng/mL). Lifetime alcohol consumption and alcohol
consumption after SCI were calculated based on report of average
daily, weekly, or monthly quantity and frequency of alcohol con-
sumption and duration of alcohol use before and after injury. Each
glass of wine (4 0z=10.8 g), beer (12 0z=13.2 g), and shot of liquor
(1.5 ounce=15.1 g) was converted to grams of alcohol.'*'* Parti-
cipants were asked about a history of urinary infections or a pres-
sure injury in the week prior to testing.

Statistical analysis

All analyses were performed using SAS 9.4 (SAS Institute, Inc.,
Cary, NC). T-tests or x° tests were used to compare subject char-
acteristics as appropriate. BAFF was found to be normally dis-
tributed and therefore was not logged transformed. General linear
models (PROC GLM) were applied to assess associations between
clinical/demographic factors and BAFF. Factors with a p value of
<0.10 in the univariate models were included in the multivariable
models. Factors with a p value of <0.05 were considered statisti-
cally significant.

Results
Subject characteristics

Subject characteristics are presented in Table 1. Participants were
age 40.8+11.2 (standard deviation; SD) years (range 21.1-63.5)
years and were 13.0£10.9 (1.3-37.5) years post-injury. All partici-
pants used a wheelchair as their primary mode of mobility and most
were paraplegic (74.4%). The mean BMI was 26.2+5.4 (13.8-38.3),
mean total mass was 84.6+19.2kg, and mean total lean mass was
52.4+9.1kg. Fifty-eight percent of participants were vitamin D
deficient (< 30ng/mL). 11% of participants were active smokers at
the time of testing and the mean cigarette exposure was 12+ 12 (SD)
pack-years. The mean lifetime alcohol consumption was 352
19.2kg-years. 19% of participants reported either a urinary tract
infection (UTI; n=5) or active skin ulcer (n = 3) at the time of testing.

Clinical factors associated with BAFF levels

BAFF levels did not vary significantly based on time since last
meal or snack (p=0.34). In univariate analyses (Table 2), BAFF



3334

TABLE 1. BASELINE PARTICIPANT CHARACTERISTICS

Total cohort
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TABLE 2. UNIVARIATE FACTORS ASSOCIATED WITH BAFF

IN NON-AMBULATORY MEN WITH CHRONIC SCI

Variable (n=43) Variable pESE P
Demographics Age (years) 0.66+£2.22 0.77
Age (years) meant SD 40.8+11.2 Injury duration (years) -3.29+2.21 0.14
White, n (%) 33 (76.7) BMI (kg/m?) 7.831+4.06 0.06
Years post injury mean+SD 13.0£10.9 Weight (kg) 1.95+1.23 0.12
Injury level Total fat mass (%) 4.32+2.84 0.14%*
Tetraplegia n (%) 11 (25.6) Total fat (kg) 3.08+£2.02 0.14%*
Paraplegia n (%) 32 (74.4) Total lean mass (kg) 1.61+£2.81 0.57%*
Injury completeness Total testosterone (ng/mL) -43.78 £12.21 0.0009
Motor complete: 250H vitamin D (ng/mL) -1.41+2.39 0.56*
e A/B n (%) 35 (81.4) Post-SCI alcohol consumption -0.16+0.14 0.28"
Motor incomplete: Lifetime alcohol consumption 0.07+£0.03 0.03"
o Cn (%) 8 (18.6) N Means + SE p
ace
Body composition :
BMI (kg/m?) mean = SD 26.6+5.9 : \(;,tllllletres gggggf }4611 B 0.38
Total fat mass (%) mean+ SD 34.6+8.8%* ] DA
Total lean mass (kg) mean=+SD 52.4+9.1%* Smoking status
Health habits e Active smokers 906.04 £232.71 0.0006
Current smoker, 1 (%) 5 (11.6) e Former/never smokers 659.94+125.73
Cigarette exposure (pack-years) mean+SD 11.79+11.63 Current skin ulcers
Lifetime alcohol consumption (kg-years) 323.07+736.05 e Yes 647.93 £55.25 0.65%*
mean SD e No 692.14+167.36
Post-SCI alcohol consumption (kg-years) 115.08+174.85 Current UTI
mean £ 5D o Yes 690.85+221.21  0.96%%*
Current skin ulcers, n (%) 3 (7.0) e No 695.05+161.25
Current UTL, n (%) 5 (11.6)
Biomarkers *n=42; *n=41; #n=38; An=40.
BAFF (pg/mL) mean* SD 688.5+159.5 SCI, spinal cord injury; SE, standard error; BMI, body mass index; SCI,
Total testosterone (ng/mL) mean+SD 43+1.7 spinal cord injury; UTI, urinary tract infection.
250H Vitamin D (ng/mL) mean+ SD 28.6+10.5*
Vitamin D level
e Normal (= 30ng/mL), n (%) 17 (39.5)* Lo . . .
e Deficient (< 30 ng/mL), n (%) 25 (58.2) were significantly greater in active smokers compared with former

*n=42; **n=41
SD, standard deviation; BMI, body mass index; SCI, spinal cord injury;
UTI, urinary tract infection,; BAFF, B-cell-activating factor.

levels were positively associated with BMI (p=0.03), and lifetime
alcohol consumption (p=0.02) and were significantly greater in
active smokers compared with former/never smokers (p =0.0006).
BAFF levels were negatively associated with total testosterone
levels (Fig. 1; p=0.0009, Pearson Correlation r=-0.49). We found
no association between BAFF levels and current UTI (p=0.96) or
skin ulcer (p=0.65). In multi-variable models (Table 3), BMI and
lifetime alcohol consumption were no longer significantly associ-
ated with BAFF (Model A, p=0.91 and p=0.11, respectively).
Active smokers had significantly greater BAFF levels than for-
mer/nonsmokers (Model B, 871 pg/mL vs. 664 pg/mL; p=0.002).
BAFF decreased 36.31+11.13 pg/mL for every 1ng/mL increase
in total testosterone (Model B, p=0.002). This model explained
41% of the variation in circulating BAFF levels in non-ambulatory
men with chronic SCI (model B; p<0.0001).

Discussion

We examined circulating BAFF and total testosterone levels in
43 healthy, community dwelling non-ambulatory men with chronic
SCI enrolled in an exercise-based clinical trial. We found that
BAFF levels were negatively associated with total testosterone and

or never smokers. BAFF is an emerging biomarker of disease se-
verity in rheumatoid arthritis, Grave’s disease, and systemic lupus
erythematosus (SLE). Based on our findings, BAFF may also be a
valid biomarker of injury severity and/or spontaneous recovery
after SCI. Moreover, treatment with a BAFF-neutralizing antibody
(belimumab or Benlysta) reduces symptoms and slows disease
progression in patients with SLE, rheumatoid arthritis, and multiple
sclerosis."”>™'7 Belimumab is an FDA-approved drug that is rou-
tinely used in autoimmune disorders that is well tolerated and has a
favorable safety profile. It is plausible that belimumab treatment
may reduce the SCl-induced autoimmune response thereby re-
ducing tissue damage and neurotoxicity. Additional pre-clinical
work and subsequent randomized control clinical trials are needed
to test this.

There are currently no validated biomarkers of injury severity,
neurological recovery, or response to therapy. This void is con-
sidered a major limitation to both clinical care and to the devel-
opment of adequately designed and powered clinical trials in SCI.
Identification of a biomarker that is easy to obtain and measure
(i.e., circulates in blood) would represent a major advancement in
the field. While injury severity is routinely determined by neu-
rological exam, there are instances where complete neurological
testing cannot be performed (coma, intubated, or nonverbal pa-
tient, presence of cast or other physical barrier). Further, the
variability in spontaneous neurologic recovery at l-year post-
injury is great and neurological examination does not differentiate
between those who will experience recovery from those who will
not. This variability in spontaneous recovery necessitates very
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FIG. 1.

B cell-activating factor (BAFF) levels based on total testosterone levels. There is an inverse relationship between total

testosterone and BAFF in non-ambulatory men with chronic SCI (f £standard error=-39.38£13.31, r=-0.49; p=0.006). The ellipse

approximates a region that contains 95% of population.

large numbers for clinical trials testing pharmacologic inter-
ventions. Identification of a novel biomarker of spontaneous re-
covery would make clinical trial recruitment more economical
and efficient.

Our findings suggest that smoking, a modifiable risk factor, may
elevate BAFF levels, thereby potentially exacerbating SCI-induced
autoimmunity. Similarly, testosterone may mitigate SCI-induced
autoimmunity via BAFF modulation. Little is known about the
impact of health habits, comorbid conditions, or clinical factors on
circulating BAFF levels in the general population, and there is no

information regarding these associations after SCI. Elevated BAFF
levels in non-ambulatory men with chronic SCI who smoke sug-
gests that factors promoting systemic inflammation also impact
BAFF expression, production, and or release into the circulation. It
was recently reported that exposure to cigarette smoke in mice
induced increased BAFF expression by alveolar macrophages and
that circulating BAFF levels were elevated in smokers compared
with non-smokers.'®! Circulating B cells produce excess BAFF
levels after SCL® Adipose tissue is a known source of BAFF and
SClis associated with increased central fat mass and greater rates of

TABLE 3. MULTIVARIABLE MODEL OF FACTORS ASSOCIATED WITH BAFF IN NON-AMBULATORY MEN WITH CHRONIC SCI

Model A, <0.0001, *=0.50, n=40

Model B, <0.0001, *=0.41, n=43

Variable p+SE Ismeans p p+SE Ismeans p
BMI (kg/m?) -0.47+3.94 0.91
Lifetime alcohol consumption 0.05+0.03 0.11 . .
Total testosterone (ng/mL) -39.76+13.22 0.005 -36.31+11.13 0.002
Smoking status
e Smokers 180.58 £61.41 840.27 0.006 206.55+61.05 871.08 0.002
e Non smokers reference 659.69 reference 664.54

BAFF, B-cell-activating factor; SCI, spinal cord injury; Ismeans, least squares means; BMI, body mass index.
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obesity.?® Therefore, it is possible that multiple tissues contribute to
BAFF detected in circulation.

The prevalence of nonalcoholic fatty liver disease is high after
SCI and is associated with androgen deficiency.?! Moreover, up-
regulation of BAFF and B2-lymphocyte activation is an early
finding in nonalcoholic fatty liver disease and contributes to disease
progression implicating a role for SCI-induced autoimmunity in the
pathophysiology.”® Therefore, our findings are consistent with
these reports and suggest that an independent negative association
between total testosterone levels and BAFF may contribute to the
increased prevalence of nonalcoholic fatty liver disease after SCI.
Our findings also are consistent with a recent report that testos-
terone is an endogenous regulator of BAFF.>* BAFF levels are
inversely associated with testosterone levels in healthy men, in
agreement with our current findings. Moreover, androgen receptor—
deficient mice have greater numbers of B cells and higher circu-
lating BAFF levels that wild-type counterparts. The authors spec-
ulate that testosterone is protective against autoimmunity via
modulation of BAFF.

Studies of men with spinal cord injury are in agreement that
testosterone levels decline after spinal cord injury and are sub-
stantially lower in men with spinal cord injury than in age-matched
healthy controls.?*~>° Forty to sixty percent of men with spinal cord
injury have serum testosterone levels that are well below the lower
limit of normal. The prevalence of testosterone deficiency is sig-
nificantly greater in participants with motor complete (AIS A and
B) injuries compared with those with motor incomplete (AIS C, D,
and E). Low testosterone levels are associated with time since in-
jury and lower hemoglobin levels. A number of factors, including
the use of opiate analgesics, clustering of chronic illnesses, 250H
vitamin D deficiency,”’" and neurologic injury, may all contrib-
ute to low testosterone levels. While an association between vita-
min D and testosterone has been reported in SCI,>” we report that
the negative association between BAFF and total testosterone is
independent of 250H vitamin D levels. Given that testosterone is a
negative regulator of BAFF, this raises the intriguing possibility
that testosterone deficiency contributes to BAFF over-expression
and subsequent autoimmunity after SCI. Moreover, testosterone
may be an effective neuroprotective agent after SCI,>? potentially
via modulation of BAFF.

There are several limitations of the current study to consider.
First, this is a small sample of non-ambulatory men with chronic
SCI and who are relatively homogeneous in respect to injury se-
verity, age, and medical comorbidities. Larger studies including
women and across the spectrum of age and neurological impair-
ment are required to identify other factors associated with circu-
lating BAFF. This convenience sample did not include individuals
with less severe injury or uninjured controls. Sample collection in
the parent study did not include B cell isolation. Therefore, the
current study cannot address downstream effectors of BAFF, such
as NF-«xB (nuclear factor kappa-light-chain-enhancer of activated
B cells) activation, or B cell subtype profiling. While we previously
reported no significant increase in NF-xB complex gene expression
in circulating peripheral blood mononuclear cells derived from men
with chronic SCI compared with uninjured controls,® additional
work is needed to examine the downstream targets of BAFF and to
perform B cell subtype profiling. These studies would add impor-
tant information on the mechanisms of B cell activation in SCI and
will be the focus of future work. Additionally, this is a cross-
sectional analysis. Longitudinal studies are required to assess the
relationship between circulating BAFF and spontaneous recovery.
Finally, we only assayed total testosterone and therefore cannot
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assess associations between BAFF and free testosterone. Despite
these limitations, this analysis provides important insight into
factors that may regulate BAFF levels, and therefore autoimmu-
nity, after SCIL.
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