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Abstract

IL-15 is a potent T cell chemoattractant, and this cytokine and its unique o subunits, IL-15Ra, can
modify immune cell expression of several T cell chemokines and their receptors. Facial nerve
axotomy in mice leads to T cell migration across an intact blood-brain-barrier (BBB), and under
certain conditions T cells can provide neuroprotection to injured neurons in the facial motor nucleus
(FMN). Although chemokines and chemoattractant cytokines are thought to be responsible for T cell
migration to the injured cell bodies, data addressing this question are lacking. This study tested the
hypothesis that T cell homing to the axotomized FMN would be impaired in knockout (KO) mice
with the IL-15 and IL-15Ra genes deleted, and sought to determine if microglial responsiveness and
motoneuron death are affected. Both IL-15KO and IL-15RaKO mice exhibited a marked reduction
in CD3" T cells and had fewer MHC2* activated microglia in the injured FMN than their respective
WT controls at day 14 post-axotomy. Although there was a relative absence of T cell recruitment
into the axotomized FMN in both knockout strains, IL-15RaKO mice had five times more
motoneuron death (characterized by perineuronal microglial clusters engulfing dead motoneurons)
than their WT controls, whereas dead neurons in IL-15KO did not differ from their WT controls.
Further studies are needed to dissect the mechanisms that underlie these observations (e.g., central
vs. peripheral immune contributions).

IL-15 and IL-2 are members of the 4a-helix bundle family of cytokines that share the same
constitutively expressed pair of signal transducing  and y receptor subunits, but exhibit high
affinity binding to unique a subunits (e.g., IL-15Ra) that confer specificity for each cytokine.
Mouse microglia express IL-15 and IL-15Ra [5], and human astrocytes and neural cell lines
(e.g., neuroblastoma cells) also express IL-15 mRNA [11,20]. IL-15 is a potent T cell
chemoattractant (Wilkinson and Liew, 1995). IL-15 and IL-15Ra can modify the expression
of T cell chemoattractants including MCP-1, RANTES, and IP-10, chemokines and their
receptors that have been implicated in autoimmune T cell infiltration of the CNS [1,2,8,15].

T lymphocytes migrate in and out of the brain and other nonlymphoid organs, and can be found
in very small numbers in the brain under normal physiological conditions [3,6,7]. Facial nerve
axotomy in mice leads to T cell migration across an intact blood-brain-barrier (BBB) where
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they traffic to and accumulate in the facial motor nucleus (FMN) of the axotomized peripheral
nerve [19]. In certain contexts, T cells can provide neuroprotection to axotomized
motoneurons. Severe combined immunodeficient (SCID) and recombinase activating gene-2
(RAG-2) deficient mice, which lack functionally mature T and B lymphocytes, develop a
profound loss of facial motor neurons following axotomy and the loss of regenerative capacity
is time-dependently prevented when normal lymphocytes are adoptively transferred prior to
axotomy[16,23,24]. The signals that draw T cells to the injured cell bodies in the FMN are
presumed to be chemokines and chemoattractant cytokines, although experimental studies
addressing this question are lacking. In rats, facial nerve transection was found to induce the
expression of MCP-1 by neurons. Although the role of IL-15/15Ra in T cell chemoattraction
in the brain has not been examined, IL-15 was found to be upregulated prior to T cell entry
into the mouse sciatic nerve following constriction injury [10]. The present study therefore
sought to test the hypothesis that T cell homing to the injured FMN following facial nerve
axotomy would be impaired in IL-15 and IL-15Ra knockout mice, and to determine whether
microglial responsiveness and motoneuron death are affected. Following facial nerve axotomy
in mice, T lymphocyte levels and the rate of neuronal death (characterized by perineuronal
microglial clusters engulfing and removing dead motoneurons) in the injured FMN peak at day
14. This time-point also allows for examination of potential interactions between the axotomy-
induced responses of T cells, microglia and motoneurons. Thus, we compared IL-15 and
IL-15Ra knockout mice and their respective wild-type controls at day 14 post-axotomy for
differences in numbers of: 1) CD3" T lymphocytes entering the axotomized FMN; 2)
CD11b* perineuronal microglial phagocytic clusters, a measure of motor neuron death, and;
3) MHC2" activated microglia.

The experimental procedures were conducted as described previously by our lab (Petitto et al.,
2003; Ha et al., 2006). Mice used in these experiments were cared for in accordance with the
NIH Guide for the Care and Use of Laboratory Animals, and were housed under specific
pathogen-free conditions in individual microisolater cages. Breeding pairs of C57BL/6-
IL15~"~ knockout (IL-15K0) and C57BL/6-1L15** wild type (IL-15WT) mice were obtained
from Taconic [9]. Breeding pairs of B6x129-1L15Ra "~ knockout (IL-15RaKO) and B6x129S-
IL15Ra*"* wild-type (IL-15RaWT) mice were purchased from Jackson Laboratories [12]. The
offspring were genotyped by the polymerase chain reaction (PCR). For genotyping, PCR was
used to amplify targeted regions from the IL15KO, IL15WT, IL-15RaKO, and IL-15RaWT
gene alleles. Genomic DNA was extracted from tail snips obtained shortly after weaning
[17]. PCR reactions were performed using a 25 pl total reaction volume containing 1 uM each
of forward and reverse primers, 0.2 mM each of dNTP, 2 mM magnissium chloride, 1.5 U Taq
DNA polymerase and 0.1 ug genomic DNA with a thermal cycler (iCycler, Bio-Rad). The
cycling parameters were as follows: hot start 95 °C (2 min); denaturing 94 °C (30 s); annealing
58 °C (30 s); extension 72 °C (45 s) with final extension step of 7 min. Thirty two cycles was
used for these experiments. The 5" and 3’ primers used to identify the IL15KO allele (520 bp)
were 5-GAATGGGCTGACCGCTTCCTCG and 5-TCATATCCTCTGCACCTTGACTG.
The 5’ and 3’ primers for the ILI5SWT allele (240 bp) were 5'-
GAGGGCTAAATCTGATGCGTGTG. The 5’ and 3’ primers for IL15RaKO allele ( 280 bp)
were 5-CTTGGGTGGAGAGGCTATC and 5-AGGTGAGATGACAGGAGATC, and the 5’
and 3’ primers for ILL5RaWT allele (171 bp) were 5'-ATTGAGCATGCTGACATCCG and
5-ACTGATGCACTTGAGGCTGG.

Adult mice were 10-12-weeks-old at the time of surgery. Animals were anesthetized with 4%
isoflurane. The right facial nerve was transected at its exit from the stylomastoid foramen and
sutures were applied at the incision site as described previously [4,18]. Mice were anesthetized
by intraperitoneal injection of a 0.5 mg/ml ketamine cocktail (ketamine/xylazine/
acepromazine) in a 3:3:1 ratio and were perfused with 4% paraformaldehyde in phosphate
buffered saline (PF/PBS) at 14 days post-axotomy [16]. Brain stems were removed and post-
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fixed by immersion in 4% PF/PBS for 2 hours at room temperature. Following cryoprotection
by immersion in 30% sucrose overnight at 4 °C, tissue was snap frozen in isopentane (-80 °
C) and stored at —80 °C. Fifteen um coronal sections were cut at the level of facial motor
nucleus in a cryostat. Sections were collected on Superfrost/Plus slides (Fisher Scientific) and
stored at —80 °C. For immunohistochemistry, tissue sections were incubated in normal goat
serum (Vector, 1:30 NGS/PBS) for 1-2 h at room temperature. Sections were in overnight
immersion with anti-mouse CD3 (clone 17A2; PharMingen; 1:500), CD11b (clone 5C6;
Serotec; 1:500), or MHC2 I-A/I-E (M5/114.15.2; PharMingen; 1:400) primary antibody at 4
°C. Visualization of the primary antibodies was performed by incubation of sections in goat
anti-rat secondary antibody (1:2000, Vector Labs) for 1 h at room temperature followed by
incubation of in avidin-peroxidase conjugates (1:500, Sigma) for 1 h. Sections were washed
in 1 X PBS between each incubation step. The chromagen reaction was revealed by incubation
in 3,3'-diaminobenzidine (DAB)-H,0, solution (Sigma; 0.07% DAB/0.004% H,0,). Sections
were counterstained with cresyl violet, dehydrated in ascending alcohol washes, cleared in
xylenes, and coverslipped. Control slides using either the primary or secondary antibodies run
alone did not yield a detectable signal for CD3* T cells, CD11b* microglial phagocytic clusters,
or MHC2" activated microglia. An average of eight sections (approximately 1/5 of the entire
FMN) were used to assess the number of CD3* T cells, CD11b* microglial phagocytic clusters,
or MHC2™ activated microglia per mouse FMN. All sections were counted blindly. Mean
counts/section throughout the FMN were calculated for statistical analyses, as described
previously [18].

Analysis of variance (ANOVA) was used to make comparisons between subject groups. Mice
were 8-12 weeks of age and the KO mice and their respective WT controls were matched for
age, and the groups were balanced for sex. For the IL-15KO (n=7) and IL-15WT (n=6) groups,
all of the mice were female. For the IL-15RaKO (n=7) and IL-15RoWT (n=7) groups, the
male/female ratios were 4/3 and 3/4, respectively. Using all subjects, no main effects of sex
were found for any of the dependent variables. Figure 1 shows the results of quantitative
assessments comparing numbers of CD3* T cells, MHC2* activated microglia, and CD11b*
microglial clusters engulfing dead neurons between IL-15KO and IL-15WT mice. As depicted
in Figure 1, compared to IL-15WT mice, there was a relative absence of T cells in the
axotomized FMN of IL-15KO mice (F[1,11]=88.3, p<0.001). IL-15KO mice also had
significantly fewer MHC2* activated microglia than IL-15WT mice (F[1,11]=8.7, p<0.01).
The groups did not differ in the number of CD11b* microglial clusters engulfing dead neurons.
Figure 2 shows representative photomicrographs comparing IL-15KO and IL-15WT mice for
each of these dependent variables. As seen in Figure 3, IL-15RaKO mice showed a reduction
in CD3* T cells compared to levels seen in the injured FMN of IL-15RaWT mice (F[1,12]
=16.3, p<0.01). IL-15RaKO mice had significantly fewer MHC2* activated microglia (F[1,
12]=9.7, p<0.01) and markedly higher numbers of CD11b* microglial clusters engulfing dead
motor neurons (F[1,12]=14.6, p<0.01) in the injured FMN than IL-15RaWT mice.

This study confirmed our hypothesis that T cell homing to the injured FMN following facial
nerve axotomy would be impaired in mice deficient in IL-15 and IL-15Ra. In both KO strains
there was a marked reduction in T cells trafficking into the axotomized FMN. The most likely
explanation for this impairment in the IL-15KO mice is that the loss of IL-15 in the brain results
in loss of the cytokine’s potent T cell chemoattractant properties and reduced numbers of T
cells in the injured FMN [26]. In the IL-15Ra-deficient mice, the absence of high affinity
binding sites on T cells may impair their ability to respond to IL-15 released in response to
FMN injury. Microglia can express both IL-15 and IL-15Ra genes, and loss of the receptor
may lead to impaired autocrine production of IL-15 by microglia [5]. There is evidence in the
immunological literature suggesting that IL-15 bound to 15Ra on donor cells (e.g., microglial
cell) can be trans-presented to a recipient cell (e.g., T cell) containing the constituitively
expressed signaling subunits, 1L-2/IL-15R and common IL-2Ry (a common subunit for
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multiple cytokines including IL-2 and IL-15) [13,21]. Thus, absence of IL-15Ra could also
impair the ability of IL-15 to signal other cells in this manner. Receptors for IL-15, and its
related cytokine, IL-2 share the same constitutively expressed pair of signal transducing 3 and
v receptor subunits. When the expression of IL-15Ra is absent, IL-2 can transmit intracellular
signals to CNS cells that express the dimeric receptor complex (IL-2/IL-15Rp and IL-2Ry).
We have shown previously that IL-2 has neurodegenerative effects on motoneurons in the
axotomized FMN (Petitto et al., 2003). Thus, it is possible that IL-2’s effects may contribute
to the high level of dead motoneurons seen at day 14 in the IL-15RaKO mice. It is also possible
that the markedly reduced numbers of T cells in the axotomized FMN of both strains of KO
mice could be associated with secondary changes in other immune processes affected by these
gene deletions. The most likely candidates would be T cell chemokines that are known to be
affected by IL-15/IL-15Ra expression, in particular chemoattractants MCP-1, RANTES, and
IP-10 and their receptors at the site of injury in the brain [1,2,8,15].

Despite the relative absence of T cells in the FMN of both of the KO strains, there were
divergent effects on motoneuron death between the KO strains. Whereas the number of dead
motoneurons (microglial phagocytic clusters) did not differ between IL-15KO and IL-15WT
mice, IL-15RaKO mice had five times more dead neurons than 15RaWT mice. It is possible
that this discrepancy could be due to the different genetic backgrounds of the two KO strains.
Whereas IL-15K0O mice were on the C57BL/6 (B6) background, 15RaKO were on the B6 X
129 background. These background differences would appear unlikely to be a significant
contributory factor, in light of recent data from our lab using the facial nerve axotomy model
where we found in side-by-side comparisons that B6 X 129 mice did not differ significantly
from B6 mice in numbers of perineuronal microglial phagocytic clusters at day 14 post-
axotomy [4]. It has been shown that a substantial percentage of motoneurons in the injured
FMN atrophy rather than die (McPhail et al., 2004). Because these atrophied motorneurons are
more difficult to detect due to their decreased ability to uptake standard counterstains (i.e.,
cresyl violet), assessments of dead neurons being engulfed by phagocytic microglia at 14 days
post-axotomy (the peak of the rate of neuronal death following nerve axotomy) is a good
measure to assess neuronal status post-injury. To get a more complete and reliable picture of
neuronal status post-axotomy in these knockout mice, it will also be important in future studies
to quantify the level of cumulative neuronal death at a later point in time (e.g., 4 — 5 weeks
post-axotomy) by counting the surviving neurons in the axotomized FMN. Previous studies
by Raivich’s lab have shown that levels of neuronal death assessed by perineuronal microglial
phagocytic clusters at day 14 post-axotomy correlated with cumulative neuronal loss as
assessed by cell counting at day 30 post-axotomy in mice (Raivich et al., 2002; Bohatscek et
al., 2004). Nonetheless, though unlikely, it is possible that the kinetics of neuronal death
assessed by micoglial phagocytic clusters could be unexpectedly altered in the IL-15RaKO
mice, or that there are more detectable clusters at day 14 due to some unforeseen factor not
related to neuronal death per se (e.g., the knockout somehow impairs phagocytosis so the dead
neurons are not cleared normally).

Differences in the composition of peripheral T cell subsets between the two KO strains may
be a significant factor that accounts for notable differences in neuronal death in the relative
absence of T cells in the injured FMN. Serpe et al. showed in adoptive transfer experiments of
immunodeficient mice that CD4" T cells were the subset of T cells that were responsible for
neuroprotection following facial nerve axotomy [22]. The deletion of the 1L-15 gene in mice
results in a significant reduction (40-50%) in CD8" T cell numbers populating the spleen and
lymph nodes, whereas CD4™ T cells are not affected [9,25]. In addition to having reduced levels
of CD8* T cell numbers in the spleen and lymph nodes, these IL-15RaKO mice (involving
exons 2-3) also have reduced levels of CD4* T cells (by more than 50%) as well [12,25]. Thus,
it is possible that despite the absence of T cells in the injured FMN, normal CD4* T cells in
IL-15KO mice may produce (or induce other cells to produce) peripheral factors such as
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cytokines that provide neurotrophic support to injured facial motor neurons. In spite of these
percentage reductions in T cell subsets, there are sufficient numbers of peripheral T cells
available to traffick into the injured FMN. Thus, we speculate that the relative absence of T
cells in the axotomized FMN of both knockout strains is due to alterations in chemoattraction.
Further studies will be necessary to determine the central vs. peripheral contributions of T cell
subsets on neuronal regeneration in these KO strains.

Finally, loss of IL-15Ra and IL-15 both resulted in a significant reduction of MHC2* activated
microglia in the injured FMN compared to their respective wild-type controls. Although this
has not been examined before in the brain to our knowledge, the reduced MHC2* expression
by microglia in the axotomized FMN of IL-15KO and IL-15RaKO mice is consistent with
findings in the immunological literature demonstrating that deletion of these genes impairs
antigen-simulated MHC2* expression and other measures of activation in peripheral dendritic
cells and macrophages [14].

In summary, both IL-15KO and IL-15RaKO mice exhibited a marked reduction in CD3* T
cells and had fewer MHC2* activated microglia in the injured FMN than their respective WT
controls at day 14 post-axotomy. Although there was a relative absence of T cell recruitment
into the axotomized FMN in both knockout strains, IL-15RaKO mice had five times more dead
motoneurons than their WT controls, whereas dead neurons in IL-15KO did not differ from
their WT controls. Further studies are needed to dissect the mechanisms that underlie these
observations (e.g., central vs. peripheral immune contributions, secondary effects of these gene
deletions on T cell chemokines).
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Figure 1.

Quantification of CD3* T cells, MHC2* activated microglia, and CD11b* microglial
phagocytic clusters in the FMN at day 14 post-axotomy. Each bar in figures A-C represents
the S.E.M. of 6 (IL-15 WT) and 7 (IL-15 KO) mice. Each bar in figures D-F represents the
S.E.M. of 7 (IL-15RaWT & IL-15RaKO) mice. *p<0.01, **p<0.001.
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Figure 2.

Photomicrographs of CD3* T cells, MHC2* activated microglia, and CD11b* microglial
phagocytic clusters in the axotomized FMN of IL-15WT, IL-15KO, IL-15RaWT, and
IL-15RaKO mice.
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