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Chronic Spinal Cord Injury Impairs Primary Antibody
Responses but Spares Existing Humoral Immunity in Mice
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Spinal cord injury (SCI) results

immune depression. To better understand how injury inbibits humoral immunity, the effects of
chronic thoracic SCI on B cell development and immune respon:

Ags were

determined. Mice received complete crush injury or control laminectomy at cither thoracic level 3, which disrupts descending

autonomic control of the spleen, or at thoracic level 9, whicl

conserves most splenic sympathetic activity. Although mature

B cell numbers were only mildly reduced, bone marrow B cell production was transiently but profoundly depressed immediately

after injury.
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humoral immune responses. Taken together, these find-

ings show that
previously established hnmoral immuni

acterial infections are the leading cause of death among
patients who survive spinal cord injury (SCI), reflecting
‘generalized immune depression (1, 2). These observations

suggest that SCI impairs humoral immunity via multiple mecha-
nisms, including dysregulation of both the hypothalamic-pituitary-
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adrenal (HPA) axis and the sympathetic nervous system (SNS).
For example, corticosteroids secreted by the HPA axis following
stress or injury can diminish B cell lymphopoiesis (3). Further-
more, norepinephrine secreted by SNS nerves, which innervate
Iymphoid organs, can bind to B cells and influence their respon-
siveness (4-8). Accordingly,
well as accompanying dysregulation of the HPA axis andor SNS,
contributes o these effects is of particular clinical interesL
Studies using murine models of SCI have begun to dissect the.
relative roles played by loss of splenic sympathetic regulation

B cell homeostasis and function. Acute injury at thoracic level 3
(T3), which distupts autonomic control of the spleen, results in
fewer total splenic B cells and impaired thymus-dependent (TD)
Ab responses (9, 10). Dysregulation of the SNS was implicated
in these alterations, as blocking of SNS-derived norepinephrine
signaling restored TD Ab responses in T3-injured mice and was
intact in both laminectomy controls and mice injured at T9, a level
at which most central sympathetic regulation to the spleen is
conserved (9). Although these findings show that acute SCI dis-
rupts primary TD humoral responses. the question remains
whether these effects persist during chronic injury. Moreover, it is
unclear whether these findings reflect generalized shifts in the
numbers or functional capacities of all B lineage cells, or instead
differentially impact particular B cell subsets and their associated
functions. Furthermore, as patients are most often severely af-
fected by pathogens that characteristically elicit thymus-inde-
pendent (TI) humoral responses (2), it is essential to know how
SCI affects primary T responses. Finally. whether the processes
required to generate high-affinity Abs during primary TD re-
sponses are intact, as well as whether pre-existing memory B cell
numbers and responses are retained. is unknow
dingly, o further understand how SCI affects B ce

pituitacy-adrena il 20ne. NP, acetyl; PNA,
et gt SC1. pi ot ey SNE. et neroussysen: T
thoraci level 9: TD, thymus-dependent; Ti,
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‘maintenance, responsiveness. and memory, we have conducted
detailed assessments of B cell subsets and function in mice re.
ceiving complete crush SCI at either T3 or T9. We show that
previously observed reductions in splenic B cells during acute SCI
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reflect cessation of B lymphopoicsis, since developing bone
marrow (BM) B cell subsets and transitional (TR) B cells were
profoundly reduced 8 d after SCL Blunied B cell genesis is
transient, as developing BM subsets were completely restored to
preinjury levels after 28 d. Furthermore, mature follicular (FO)
B cells, but not marginal zone (M2) B cells, were reduced fol-
lowing injury. Evaluation of Ag-specific B cell responses during
chronic injury revealed that the magnitude of both T and primary
“TD responses were reduced in T3 injured mice. Finally, we show
that SCI impacts neither memory B cell numbers nor the ability to
mount anamnestic responses to Ags encountered prior to injury.
Taken together. our findings reveal that the humoral immune
system is dynamically altered following SCI, and that time afer
injury and the injury level per se arc important considerations for
future basic and translational investigations.

Materials and Methods
Mice and injury

Ags.muched - 1o Towkold emale CSTBL mice were puchasd fom
Natora Cancer Insinte (Behesds. MD). A

proved by the University of California at Irvi

and Use Commitice. Mice were

(Aveni, 05 120 1), when soplemenal saeshesia vas e, one-

fourbh ofth aiginal dose was given, Body emperans was mantained
=05C.

The akin over the uppe thorcie am o shaves o ciesnd wih

sol

2 povidone-odine (Betadine . Usinsseptic elmies h skin
v Inciood nd connocive and Tase e blunily disseced 10
Ceposs vrehal bodies T3 or T9. A laminestomy of a sinle serchnl

famina was performed at n T3 or T9-TI1 1o expose the dorsal spinal
cord. Experimental bilateral crush injury was performed using (omps
(Dumont no. ) placed on either side of exposed spinal cord following
laminectomy. The points of the forceps were then brought together. held
for 15, and released. A :wmpkle bineslcrsh ln"ury el s of
motor caudal to crush injury produc
pletepuiysc ot he mmnmu .na i dowa mm\c! o bty 1 walk
{11). Thercfore. hindi very behavioral assessment was not
condicted for our siodes. lnmmplﬂc  Teions wer ieailied on days 0

potssium sl analyzed a 144 s immunization Forsconday

ice were immunized i.p. with 50 g NPy5-CGG
54,0 prio 1 nury Twenty-cIgh days posinury, mice e sither
boosted with 50 ug NP5-CGG i.p.or received no ircatmen, Organs were
aresed 7d ftersecondey immuniaton.

Corticosterone enzyme immunoassay

anestheic, i
of day throughout these experiments. Previously it has been shown that
posimortem blood collection does not influence corticosterone levels in

recuionsry messae o avid vaishe sress o, biood colle

tonfrom ndividea experimetal roups (egining ithuinjred cor

ol mice) was done om where animals

were o, e was b g hmmd cire i from blod eol
rone levels were as-

sssed by ELISA (mmuncdiagnosi Systems).
Histological analysis

Spial columns were disted from experimentally injured mice and

o colomn. e fhoracic vrbral oo of e loinecomtscd region
- in 20% sucrose and em-
Sght micromete ik agual et were
ized using a bright field microscope. Spleens
nd s ronen osing > -mehyane cooed vih
ligud irogen Sevcn:  micromeder secions wete acetone

ored . i o saleing he Setons were nhyﬂmnd in 1%
105 goat reactive
3 Souh-
Sections were mounied

nd stained with m
- . hodamineani ) M
cms.««m ‘and AF647-anii-CD3e (eBioscience).

Meda Gel Mount (Electron opy Sciences) and were vi-
Salzed on an LSM-510 Meta confocal mierocope (Zes).

Flow cytometry

Splenocytes and BM were harvesied and stained using the following
murine-reactive Abs: allophycocyanin-Cy7-anti-CDI9 (BD Biosciences).

0 GD Biosienos), eflior 450-umi.COZINS (eDo-
PE-anti-CD23 (BD Biosciences), PE-Cy7-ant
scinces). Qdo 70 srptavidn (Invirogen).allophycocyanin-ani-AALL

027 g i recov
 rpeciively in mice Gspleyin any dgre of sk, Kne
ndlor i oreexie movement. and they were Subiequenty Excluded
After injury - the muscles
nd skin e s separely amd mice wer given »c. incions
1 It Roger's soaton (1 120 g for bydulon, upreorpine
(Bnmeul 005 mphy) for analgesi. lml enroflaxacin (Baytril: 2.5 mg/
prophylaxis against urinary ections. Uninjured mice did not
nmkv'o any surgery. but were reumeted. Mo were placed in cages
with Alpha-Dri bedding (Newco Distributors) and warmed directly on
water-jacketed heating pads at 37°C uniil they recovered from anesthesia
Thereafter. half of each cage was place on heating jacket for up to
3 d possurgery uniil coat quality improved and mobilty around the cage
resumed. Postoperative care involved daly treatments of lactated Ringer's
solution and enroflaxacin for the first 6 d o, nd dily bopre-
porpine reaments fo the st 34 postarge ve care of
injred i s incladed mamual bladder xpresion e diy or the
drsion of xpeinents
Injury induction, immunizations, mouse care, spinal column histolog
ind S conicoserne aalyees were performad at he Universty of
Califoria, Irvine. Al mice were euthanized in a closed receptacle con-
i

University of Pennsylvania overnight on ice in DMEM containing 10%

S for flow cytomery and 4-hydroxy-3-nitrophenyl acetyl (NP)-specific
ses. Serum was frozen and shipped on dry ice for quanti-
specific Abs.

Ags and immunizations

Peimay immunizatonswith NP conjugaed o prei o carbohyda A
For primary T

were immunized i.p. s g NPso-Ficoll (Biosearch T«hnnlnglcs) in

PBS and analyzed at 4.5 d postimmunization. For primary TD responses.

mice were immunized i.p. with 50 g NP-conjugated (0 chicken gamma

globalin (NP,-CGG: Biosearch Technologies) precipitated in aluminum

Lo
Soaperpiocch. PEA -CyS-anti-CD4_(BD_Biosciences). PE-CyS-an
€DB (8D Biowieces), PE.CySami Ol [ PE-CyS-nnu n/
80 (cBiocienc) peant agelatinin (PNA) congae o FITC (Vo
Laborsiores), eFioe 0.1 iosciences). PE-Cy7-anti-Fas
Blowienccs. PECy5 5 ant CD21/35 was donted by D, Alman (U
vy of Pineyhvania). NP
655 was conjugated to anti-Kappa (SouthemBiotech) in-house. For iden-
racelola saiing was conduced
ind myeloid cells (F4/80°.

criminuion was sscsed uing citber DAPI (ivitrogen) or LiveDead
Fiaablo Aqus (meopen). Doutet discininaion was

rward scatier/side scalter width versus height analysis. Total cell num-
bers were caleulated by mliplying the fequenc of gued cells among
live singlets by the total number of live cells harv were col-
lectedona BD LSK I flow ¢ v cxomecr 5D Bloscencey and lyzcd wilh
Flowlo software (Tree St

NP-specific ELISA/ELISPOTS
Plates were coated with either 10 pg/ml NPy-BSA or NP-BSA in 100

mM bicarbonate buffer and blocked with PBS containing 2% BSA. For
ELISA. sera were incubated for 2 h a1 37°C/5.5% CO;

mouse 1¢G; or IgM (SouthemBiotech) with a tetramethylbenzidine wh—
sirae kit (BD Biosciences) and color development was quantified us
Evax (Molccular Devies). For ELISPOTs, cel sispensions conaining
o x cells were incubated for 4 h at 37°C and developed with biotin-
ed anti-mouse 1gM or 1gG, (SouthernBiotcch) followed by
Exwavidin-alkalne phosphatase wing NBT/S-bromo. chioro-3indol]
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phosphate substrate (Sigma-Aldrich). Color development was termi
with 1 M NaHPO, and spois were Y cnumersted on s CTL |||vmum5wl
reader (Cellular Technologies).

Data analyses and statistics

One-wsy ANOVA with s Dumnct pos b aalyis was prfoned with
GraphPad Pmm (GraphPad Soft ('unm'\ll!m\\ were made between
injurcd groups and uninjus ol tween SCI groups and their
especive aminectom comrl groupe. and between T9 4nd T3 SC1 groups.

Results
Splenic architecture is preserved afier spinal cord injury

Most splenic sympathetic innervation derives from midthoracic
levels, and thus injury at or above this region will esult in loss of
supraspinal control and decentralized sympathetic activity (13, 14)
(depicted in Supplemental Fig. 1A). Accordingly, the effects of
SCI on humoral immune function were assessed using a previ-
ously established model of injury above the site of splenic in-
nervation, that is, T3 crush injury (9, 10). As controls, we used
cither uninjured mice, mice that reccived a crush injury at T9,
a level at which splenic innervation is largely intact, or mice that
reccived lamineetomy surgery without crush injury. Postmortem
histological analysis of thoracic vertebra from T3- and T9-injure
mice was routinely performed to confirm injury location and
complete crush (Supplemental Fig. 18, 1C). The \exions i njred
mice at 1 wk postinjury were qualitatively similar (0 previously
described crush SCI in CSTBL/6 mice (15). Importantly, crush
injury results in no white matier sparing and produces complete
paralysis of the hindlimbs and loss of the ability to walk (11)
Additionally, T3 SCI was accompanied by a deci

Day 8 Post-SCI B
inglets
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weight as reported previously (9. 10). Immunohistologic evalua-
tions at day 28 postinjury revealed that splenic microanatomy was
preserved, including the T cell-rich periarterial lymphoid sheaths
and adjacent IgD*IgM” B cell follicles (Supplemental Fig. 1D).
Thus. the general organization of the splenic white pulp is pre-
served following SCI.

B cell genesis transiently ceases following SCI

Despite the maintenance of lymphoid architecture, prior reports
showed that T3 SCI adversely affects total splenic B cell numbers
(9. 10, 16). Such reductions may reflect reduced B cell genesis,
a direct loss of all or some mature B cell subsets, or both. To as-
sess the relative contributions of these mechanisms, we examined
developmental and mature B cell subsets in the BM (Fig. I, Table
1) and spleen (Fig. 2, Table IT) during acute and chronic SCI. The
gating strategies employed (17) resolve developmental and mature
B cell subsets whose dynamics and functional characteristics are
well established (reviewed in Refs. 18-20). Briefly. following Ig H
chain and L chain gene rearrangements during the pro-B and pre-
B cell stages, developing B cells in the BM enter the immature
(IMM) B cell stage and then migrate to the periphery as TR
B cells. All of these developmental subsets bear the AAd.1 marker
and are further resolved according to the criteria shown in Figs. 1
and 2. n the BM, pre-B and pro-B cells lack surface IgM, whercas
immature B cells are surface 1gM" (Fig 1). Splenic TR cells are all
AA4.1" and are further resolved into the TRI, TR2, and TR3
subsets based on differential CD23 and IgM expression levels
(Fig. 2). Developing B cells fully transit these BM and splenic
developmental stages during 4-6 d (17, 21-24), and thus all of

n.y 28 PostSCl

FIGURE 1. The frequency of B cell progenitors
n BM i reduced following acute SCI. Represen
ttive FACS gating stategy o identify B cell sub
sets n the BM at day § (A) and day 28 (B) atter T3
SCL T9 SCIL T3 laminectory (Lam). T9 Lam or

in uninjured control mice. Contour plois show the
mean frequency and SD of B220°AAGI" develop-
ing B cells in the BM (eft panels) and further
subsets of IgM'CD19" immature (IMM) and [gM

CDI9* pro-/pre-B cell populations (right panels)
among ivesingles. At day 8 st SCL = 3 for

scin
bt SCI. At day 28 afier

SCIn =5 for uninjured, n =7 for T9 Lam, n = 5 for

=7 for T3 Lam, and n = 6 for T3 SCI
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“Table 1. Numbers of BM B cell subsets during acute and chronic SCI

Total Cells Pro/PreB Cells  Immature B Cells
Uninjured” 373 247+ 123 076 + 043
Day 8 after injury” 9 Lam 106 + 0,29 018 + 005
107 + 095" 028 + 037
185 = 035 043+ 013
068 + 0.83 017 £ 017"
Day 28 after injury’ 232 06 +
278+ 092 =
254 + 043
251 = 098 081 =023

13 0r 19 SC1,n « § for T3 Lam, and s
“n =6 for T9 Lam, n = 13 for T9 SC. n = 7 for T3 Lam and 5 = 13 for T3 SC1
‘Denotes signifcant differences from uninjued control at p < 0.5,
“Denotes signifcant differences from Lam contals at p < 005,
Lam, Laminectomy.

these subsets turnover quickly and therefore deplete rapidly when  Both of these mature, preimmune subsets lack the AA4. | marker
B Iymphopoicsis stops. Following the TR differentiation stages.  and are distinguished by differential IgM and CD21/35 expression
B cells complete maturation and enter cither the FO or MZ pools.  (Fig. 2) (17, 24, 25). Under normal conditions, most developing

A Day 8 Post-SCI B Day 28 Post-SCI
Transitional 8
5320 AA41"

FIGURE 2. The frequency of B cell prog I duced FACS eain gy o ey b col s
in he spleen at day 8 (&) and day 28 (B)after T3 SCI, T9'SCI T3 laminectomy (Lam). T9 Lam, o in uninjured contrl mice. Contour plots show the mean
frequency and SD of developing B220°AA4 e B220°AAS T sl B cell i panl), ad T subcts of IEMACDE3- TRI, e\

* TR2, and IgM CD23" TR developing B cells (midaie panels. gates configured clockwise) as well as [gM"CD21/35™ MZ B and [gM°CD21/35°
FO B cells (right panels) among live singlets. A day 8 after SCIL. n =5 for uninjured, 1 = 8 for T9 Lam. = 6 for T9 SCIn = & for T3 Lam, and n =5 for T3
SCL At day 28 after SCI. n = 5 for uninjured, n = 7 for T9 Lam, n = 5 for T9 SCL, n = 7 for T3 Lam, and n = 6 for T3
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Tuble 1. Numbers of splenic B cell subsets during acute and chronic SCT
Toal Cells T®I ®
Uninjured” 1316 + 262
Day 8 after injury’  T9 Lam 1380 * 9.2
TOSCI 1043+ 156
T3Lam 1111 = 221
TISCL 1113 = 185
Day 28 after injury”  T9 Lam 1497 = 320
TOSCI 868 = 125%
TiLam 119202 35507  25:05
TISCL_ 936 £ 2017 1604 1805
Nurber = ) e FACS plotsshown n Fig. 2. Namb
v D sh d one for St each evel.

0= 10 for uninurd.

=7 for 19 Lam. n
“Denotes significant difeences fom uninjred conieol i p < 0.05
Denotes signiicant diferences from Lam conols i p < 0.05
Lam, Laminectoms.

B cells adopt the FO fate, but differentiation skews to the MZ fate
under conditions of B lymphopenia or reduced BM output (25).
Unlike developing B cell subsets, MZ and FO B cells tum over
slowly and persist for months to years (22, 26, 27), so their
numbers are modestly affected by short-term perturbations in
B cell genesis.

At day 8 afier SCI, the proportions of all developmental B cell
subsets were profoundly reduced in both T3 and T9 SCI compared
with uninjured mice (Figs. 1A, 2A). These declines reflect sig-
nificant decreases in the numbers of BM pro-B, pre-B, and im-
mature B cells, as well as all splenic TR subsets (Figs. 1A, 24,
Tables L, ID). In contrast to acute injury, BM developmental subsets
were fully restored during chronic injury (Fig. 1B, Table I). The
splenic TR subsets also recovered but were sometimes still mildly
reduced at 28 d postinjury (Fig. 2B, Table . Rapid depletion and
subsequent reconstitution of B cell progenitor pools indicates that
SCI engenders transient cessation of B cell genesis that is largely
re-established within 28 d after injury.

Because B cell genesis resumes within 28 d afier SCI. it is
unlikely that sustained dysregulation of sympathetic activity
underlies blunted B cell genesis during acute injury. Instead, they
likely reflect injury-related stress or inflammation, both of which
can yield depression of BM B cell genesis via corticosteroid
hormones or inflammatory cytokines, respectively (3, 28, 29)
Consistent with this possibility, similar tansient reductions in
developing B cells were observed in mice recciving laminectomy
injuries (Figs. 1, 2, Tables I, 1), and serum corticosterone levels
were elevated following SCI or laminectomy, regardless of injury
location (Supplemental Table T). However, serum corticosterone
returned to uninjured levels 28 d following lamincctomy, yet
remained elevated 28 d after T9 or T3 SCI, despite recovery of
B cell genesis in all treatment groups. Accordingly, although el-
evated corticosterone may contribute to blocked B juction
during acute SCI, it is alone insufficient to mediate this effect and
probably acts in concert with additional inhibitors of B cell gen-
esis that are temporarily present following injury.

FO, but not MZ, B cells are reduced during SCI

Wenext SClaffect

B cell pools. Forall experiments, FO B cell numbers were modestly
reduced following acute or chronic SCI. These consistent reduc-
tions frequently, but not always, achieved sttistical significance
(Table I1). In contrast, MZ B cell numbers were always either
preserved or increased during both acute and chronic SCI (Table
D). Variability in the degrees to which FO B cell numbers de-
creased and MZ B cell numbers expanded likely reflects a dy-

for T3 Lam, and o = 5 for T3 SCI
for T3 Lam, and 1 = 6 for T3 SCI.

namic interplay of several factors. Foremost among these are the
extent to which B lymphopoiesis is blunted and how quickly it is
re-established, as these parameters will determine the degree of
impact on FO B cell numbers and the associated skewing of cells
into the MZ pool (25). Collectively, our findings extend prior
observations demonstrating that reduced numbers of splenic
B cells during acute SCI reflect a severe truncation of TR subscts,
combined with a consistent but less profound depletion of FO, but
B cells (9). Moreover, we find that during chronic SCI, B
Iymphopoiesis has resumed, but mild reductions in TR and FO
B cell numbers persist. Nonetheless, a large proportion of the
‘mature B cell pool remains intact and, if functional, should be able
10 respond to antigenic challenge during chronic stages of SCI.

The T1 type 2 immune response is profoundly decreased afier
chronic T3 injury

Despite the persistence of substantial mature B cell numbers, prior
studies showed that acute SCI yields blunted primary TD Ab
responses (9). Whether these defects extend to TI responses, as well
as whether they continue during chronic injury, has not been de-
termined. Accordingly, we examined NP-specific responses during
chronic SCI. The NP-specific response in CS7BL/6 mice is domi-
nated by Ig\" B cells, and thus responding cells can be tracked
based on both NP-binding and Igh expression (30). Additionally,
numbers of NP-specific Ab-secreting cells (ASCs) and Ab con-
centrations can be assessed by ELISPOT and ELISA, respectively.

Using this model, we first tested whether chronic SCT affects TI
type 2 responses using NP conjugated to the carbohydrate polymer
Ficoll (NP-Ficoll). MZ B cells are responsible for most of the TI
type 2 response and, as their numbers are not reduced following
SCI. any differences in response magnitude likely reflect altered
functionality (31). Mice were challenged with NP-Ficoll i.p. 28 d
postinjury and responses were assessed 4.5 d later, at the peak of
the response (32) (Fig. 3A). Compared to uninjured controls, mice
with chronic T3 SCL, but not T3 laminectomy. had profoundly
minished NP-specific responses. This was evidenced by signif-
icantly decreased numbers of responding splenic NPTgh” B cells
and NP-specific TgM-producing ASCs (Fig. 3B-D). In multiple
experiments, serum NP-specific Ab concentrations were corre
spondingly reduced by 3- to 4-fold (data not shown). Alhough
often mildly reduced compared with uninjured controls, T1 type 2
responses in mice receiving T9 SCI were highly variable and less
severely affected than those in mice re SCL Thus
chronic T3 SCI severely impacts responsiveness to Tl type 2 Ags
despite the presence of mature B cells, including normal to ete-
vated numbers of MZ B cells.
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A 12 HUMORAL RESPONSE B Mowimmunized  ToLam Tosel
= ™ L
Nonmmunized .
oo o4
FIGURE 3. Humoral responses to Toam ————————————
Tl type 2 Ags are decreased duriny Tesci o 3 A
chronic T3 SCL (&) Experimental -
design for NP-Ficoll immunization: Taiam e e
28 d after SCT or Tascr
mice were immonized with NP
Ficoll and the splenic tissue was oavs: 0 » s 3
analyzed at day 4.5. (B) Represen- NP-Ficoll 4
tative FACS gcung strategy to iden- PROCEDURE: SCI Immnization  He™est
tify NP.specific B cells. Dot plots L —
show the frequency of Aqua CD4
CDS F40 Grl Tex TANP” re- G s = D .
sponding B clls among ive singlet. .
(©) Total mumber of NPpecife B g g
cells. (D) Total number of NP-spe: £ 2 .
cific [gM ASCs. For all data sets, n = Fa . . g .
5 for uninjured. n - H ) . N .
sy (L. n =6 o T S, % D R : +
for T3 Lam, and n = 8 for T3 H L 2 . .
001 2 5 2 005,445 < 001 z . H e ! .
. H .
. i EI |
Non un 9 12 i [ TR )
AN Um S Gm o s

Primary TD responses are decreased during chronic T3 SCI
To acute SCI. we asked in
TD responses would persist during chronic SCI Therefore, mice
were challenged 28 d after SCI with NP-CGG, and responding cells
inthe spleen and bone marrow were evaluated (Fig. 4A). NP-specific
TD responses peak between 10 and 14 d postimmunization (33), and
thus we assessed the responses at day 14, Compared to uninjured
and T9-injured controls, there was a significant reduction in the
frequency and number of splenic NPTk B cells in T3-injured
mice (representative staining; Fig. 4B, 4C. Supplemental Fig. 2A)
Furthermore, both the number and frequency of NP-specific IgG1
ASCs were significantly reduced in the BM and splcen after T3, but
Dot T9, injury when compared with uninjured mice (Fig. 4D, Sup-
plemental Fig. 2B). Consistent with a defect in the generation of
these cells, serum levels of anti-NP-specific IgG1, but not IgM.
were also significantly reduced in T3-injured mice compared with
uninjured controls (Fig. 4E). In sum, chronic T3 injury severely
diminishes the magnitude of primary TD responses.

tend

Affinity maturation is intact during chronic SCI despite
reductions in GC B cells and total high-affinity Ab

Effective TD responses require the formation of GCs, where B cells
undergo class switch recombination, somatic hypermutation. and
selection to yield the high-affinity, isotype-switched B cell clones
that populate the memory and long-lived ASC compartments (34)
Because the magnitude of TD responses was severely reduced
during chronic SCI, we assessed whether the GC reaction was also
compromised. NP-specific GC B cells can be identified cyto-
fluorometrically by gating on activated B cells (IgD” CDI9") that
bind NP and PNA and express high levels of Fas (representative
gating strategy is shown in Fig. SA) (35-37). At 14 d after im
munization, T3-injured mice had significantly reduced numbers of
NP-specific splenic GC B cells compared with uninjured mice
(Fig. 5B).

Diminished GC B cell numbers could reflect either the loss of
total responding cells, and therefore a loss of B cells initiating the

GC fate, or an alteration to GC function resulting in the premature:
termination of GC B cell differentiation. Previous studies have
established that whereas cells with both low and high affiity for
NP bind to highly substituted NP-BSA (NPyy), only those with
high affinity for NP bind to lowly substituted NP-BSA (NP,) (33,
38). In this way, both total and high-affinity NP-specific Ab can be
detected via ELISPOT and ELISA. Therefore, to examine whether
reductions in GC B cells resulted in a loss of GC function, we
assessed the relative affinity of responding ASCs and Abs from
injured mice. Although the numbers and frequencies of high-
affinity TeG1 ASCs in the spleen and BM were significantly re-
duced in T3-injured mice compared with uninjured mice, they
were nonetheless detectable (Fig. SC, Supplemental Fig, 2C)
Similarly, ELISA revealed that both chronic T3 and 79 SCI mice
had high-affinity NP-specific IgG1, albeit at significantly reduced
levels compared with uninjured mice (Fig. D). The presence of
high-affinity NP-specific ASCs and Abs suggests that the somatic
hypermutation and selection processes required for affinity mat-
uration are indeed intact following SCI. To confirm that the loss
in total GC B cells and high-affinity NP-specific ASCs was due
primarily 10 a paucity of responding B cells, we compared the
ratio of high-affinity/total TeG1 ASCs and found that they were
comparable to uninjured mice (Fig. SE). Taken together, these
observations show that the affinity maturation process per s
intact during chronic SCI, but diminished numbers of responding
cells yield fewer high-affinity effectors,

Pre-existing B cell memory in the spleen is unaffected by
chronic St

Memory B cells and long-lived plasma cells formed during primary
humoral responses provide protective immunity to subsequent Ag

accines (39).
Accordingly. a potential risk facing those with SCI s loss of acquired
immunity from prior natural immunizations or vaccinations. Thus,
we addressed the affects of chronic SCI on established B cell
memory and the abiliy 0 mount secondary responses. We immu-
nized mice with NP-CGG, waited 54 d for the primary response o
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wane while allowing memory pools to establish (3, 40), and then
induced SCI (Fig. 6A). Twenty-eight days postinjury, one cohort of
mice was analyzed without further treatment (designated as resting
memory) and the second cohort was boosted with NP-CGG (des-
ignated as boosted memory). In the latter group, high-affinity ASCs
were assessed 7 d postimmunization, at a time point well before
new responders have undergone affinity maturation (33). Strikingly,
we found no differences between the treatment groups in either the
frequency or total number of high-affinity splenic ASCs (Fig. 6B) or
the concentration of high-affinity Abs (Fig. 6C) in cither the resting
or the boosted memory responses. Thus, we conclude that despite
the impaired capacity to mount primary TD responses following
SCI previously established humoral memory and the ability to
respond to secondary challenge remain intact.

Discussion

These studies probe the impact of acute and chronic SCI on B

Iymphopoiesis, preimmune B cell homeostasis, and the capacity to

mount primary or merery humoral respouses. Ove resuts reveal
B

SClthat resolves within 4 wk njury. Consisent withtis eereaed
BM output, splenic TR B cell numbers show a
transient decline and resurgence. FO B cell numbers were con-
sistently but mildly reduced following injury, and were most se-

verely affected following T3 injury. In contrast, MZ B cell numbers
were cither unaffected or increased. Despite the presence of these
mature preimmune B cells, both TI type 2 and primary TD humorel
immune responses were profoundly reduced during chronic T3
injury. Finally, we find that SCI affects neither existing memory
B cell numbers nor their ability 1o respond upon rechallenge.
Collectively, these findings reveal previously unappreciated tem-
poral and functional complexity in the impact of SCI on B cell
compartments and humoral immunity.

"I ransien cessation of B lymphopoicsis ollowing SCT fikely
reflects a combination of mechanisms. Stress hormones can both
inhibit B lymphopoiesis and favor myelopoiesis, and they are
elevated during acute injury (3, 9). However, B lymphopoiesis

recovered within 4 wk despite continued elevation of corticoste-
rone in chronically injured mice. These observations are consis-
tent with those in chronic SCI patients. who have normal numbers
of bone marro

ow Iymphocyies despie clevad siress homones

mphopoiesis occur during inflammatory
responses following immunization or infection (28, 29) and are
associated with increases in proinflammatory cytokines such as
TNF-a, IL-Ib, or IFN-a/B (43-45). Inasmuch as these cytokines
transiently increase at the site of spinal injury (46), it is tempting

jounusun-duy wiozy papeo

o Assaniug) e /R0

2




IMPACT OF CHRONIC SPINAL CORD INJURY ON HUMORAL IMMUNITY

CorcoGRIF4R0 CovcoBGRYFuRD
o Prnigo o enaigo
B [T M
H 8 H
FIGURE 5. m‘ B cells and high-affinity
ASCs ar reduced in T nred mice fe floies L4
b o (N Reprsensive acs 5 == .
plots for identificaton of NP-specific
cells in uninjured mice (CDI9°CD4 cm B Cc Spleen
F4/80 Grl IgD PNA'NP'Fas”). Numbers 700 18]
shown in cach dot plot are percentages of H [y .
cach populaion within th parent guc. ® 5 | . - H .
The absolute mumber of GC B cell in he & | = i
spleen (n = 4-5 micelgroup). (C) Toul G| * L I - s
number of high-affinity NP-specific 1y 2 23 PR PO
ASCs in BM and spleen. (D) S 8 ) .ol
centations of NP-specific high-affnity 1¢G1 : E LTy
Ab sbove nonimmunized conteol. () AF o o
fiity maturaton within the splccn as detr- w R e BB e IR
mied by e o of gty 0 il
TEGI ASCH (Fi. 4Dy For 0By n = S or D 1y s E, ,, oo o e
uninjored < $ior 9 SCLand -9 for T5_ z " .
SCL Datt are represenative of o cxperi- € L .o C
ments. **p < 0.01 23 N 52 N L
2| - 5 &z L
5a . 25 . i D 4
T2 HEP ! :
H o003 . .
v i :
w2 & ol R oR

to speculate that both inflammatory cytokines and stress hormones
impact B lymphopoiesis during acute injury. B cell progenitors
from T3, but not T9, SCI mice were significantly decreased when
compared with lamincctomy controls, and thus it remains possible
that injury level impacts the extent to which B cell genesis is

inhibited. However, we favor the notion that this reflects different
levels of stress and inflammation, rather than a loss of sympathetic
regulation, for several reasons. First, B cell genesis was signifi-
cantly reduced in both T9 and T3 injured mice compared with
uninjured controls, and both showed restoration after 4 wk
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something that would not be predicted to occur if it were due to
the disruption of supraspinal sympathetic regulation. Morcover,
we also observed reductions in B cell genesis following lam-
incctomy, further supporting the notion that stress and inflam-
mation associated with injury per se, rather than supraspinal
regulation, causes the blunting of B lymphopoicsis
‘Although consistent with prior studies demonstrating reductions
in total D19 splenic B cells 3 d after T3 SCI (9), the detailed
subsetting in this study reveals that multiple factors contribute to
this overall phenomenon. Thus, reductions in the TR pools con-
tribute substantially toinitial splenic B cell losses, reflecting
truncated BM output. Likewise, there 1s a reduction in the number
of mature FO B cells following acute injury. Despite blunted
B cell genesis, a large fraction of FO B cells and all MZ B cells
remain, consistent with their comparatively slow tumover rates
(22). Surprisingly. although BM output resumes, stcady-state TR
and FO B cell numbers are variably reduced during chronic injury
(Table IT). These continued reductions in splenic B cell
ulations 28 d after injury may reflect the severity of initial loss of
B cell genesis and consequently differing rates of its restoration.
splenic B cell subsets are
consistent with prior findings that acute T3 SCI increases the
proportion of apoptotic cells found among splenic lymphocytes
9. 16). Because the ability o bind the cytokine B lymphocyte
BAFF) through BLYS receptor 3
(BR3) is essential for FO B cell survival (47—49). we assayed BR3
levels on FO B cells and found no difference between uninjured
and injured mice (data not shown). The preservation of MZ B cell
numbers under all conditions is consistent with the selective
preservation of this subset even under B lymphopenic conditions
(25). This likely reflects both a larger proportion of TR B cells
assuming an MZ B fate as they mature, as well as the acquisition
of MZ B cell characteristics by FO B cells driven by B lympho-
penia. Taken together, these findings strongly suggest that SCI has
a direct affect on peripheral B cell homeostasis.
Despite differential effects on mature, quiescent B cell pools,
chronic T3 injury clearly impacts the mabmlmlt of both T and TD
responses, which are dominated by MZ or FO B cells,
respectively (31). The number of VEZ B cell s ot reduced afes
T3 injury, and thus simple reductions in numbers cannot explain
the diminished TI responses. Whether SCI also negatively affects
BI B cells, which can contribute to TLimmunity (50), or other cell
types such as bystander T cells, which contribute to the magnitude
of TI type 2 humoral responses, will be an important avenue for
future exploration. Consistent with observations made during the
acute phase of T3 SCI (9). the inability to mount optimal TD
immune responses persisted during chronic injury, likely in part
due t0 the reduced numbers of FO B cells observed. Altematively,
decreased FO B cell responsiveness may be due to SCl-induced
impairments (o T cell responses as reported (9, 10). Nevertheless,
affinity maturation is unaffected by SCI, indicating that the pro-
cess of somatic hypermutation and selection of high-affinity
B cells within the GC reaction are largely independent of neuro-
nal regulation. Because these key features of TD responses remain
intact, strategies to induce protective humoral immaunity afier SCI
might best be focused on increasing the numbers of initially
responding B cells. The mechanism by which SCI results in such
a dramatic loss of B cell function is likely multifaceted. Lam-
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immunization (data not shown). Furthermore, SCI mice, but not
laminectomy controls, had elevated levels of corticosterone dur-
ing chronic injury, implicating the HPA axis. Collectively, these
findings suggest that a combination of dysregulated SN signaling
and HPA axis stress hormones contributes to decreased B cell
responsiveness following SCI

Strikingly, SCI does not ablate previously established B cll
‘memory, nor does it blunt secondary humoral responses, imply-
ing that memory B cells are unimpaired by injury. It is thus
tempting to speculate that memory B cells are refractory to the
immediate cffects of SCI, and are independent of neuronal regu-
lation. Regardless of underlying factors, this finding suggests that
protective immunity established by prior vaceination or pathogen
will remain intact following SCI. Whether protective immunity and
‘memory can be established upon exposure to new TD Ags after SCI
semains an open question. Indeed primary TD responses are di-
minished during chronic SCI, but the ability to generate high-
affinity B cells, and presumably the mechanisms 10 establish hu-
‘moral memory, remain. Therefore, postinjury vaccination regimes
might best focus on augmenting the frequency and expansion of
initally responding cells to achieve protection. Altematively, TI
Ags will remain pmblemnn:. since prior memory for such Ags
will not exist, and TI responses are persistently and severely
compmmlscd afer T3 injury. Consequently. the use of conjugate
vaccines, which couple TI epitopes to proteins to ensble TD
responses (51). might prove effective.
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