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Abstract

It was recently shown that adaptive immunity plays a key role in cognitive function. T cells appear

to be major players in learning and memory; thus, mice devoid of functional T cells are impaired
in performance of cognitive tasks such as Morris Water Maze (MWM), Barnes maze and others.
This is a reversible phenomenon; injection of immune deficient mice with T cells from wild type
counterparts improves their cognitive function. Recently we described a critical role for T cell-
derived 1L-4 as having beneficial effects on learning and memory through regulation of meningeal
myeloid cell phenotype. In the absence of IL-4, meningeal myeloid cells acquire a pro-
inflammatory skew. Thus, the presence of IL-4 in the meningeal spaces maintains a delicate
balance of pro- and anti-inflammatory myeloid cell phenotype. Here we show that macrophages

alternatively activated in vitro (M2 cells) can circumvent the need for ‘pro-cognitive’ T cells when

injected intravenously into immune deficient mice. These results show for the first time that M2
myeloid cells are new and unexpected players in cognitive function, conferring beneficial effects
on learning and memory without adaptive immune influence. These results might lead to

development of new therapeutic approaches for cognitive pathologies associated with malfunction
of adaptive immunity, such as chemo-brain, age-related dementia, HI\VV-dementia, and others.

Introduction

The negative effects of pro-inflammatory cytokines on cognitive function have been

recognized for decades (Barrientos et al., 2003; Cumiskey et al., 2007; Golan et al., 2005;
Goshen et al., 2007; Jain et al., 2002; Lee et al., 2009; Maher et al., 2005; McAfoose et al.,

2009). Systemic infections were correlated with cognitive impairment, and systemic

injection of TNFa or IL-1p resulted in impairment of cognitive function in rodents (Burgess
et al., 1998; Dantzer, 2001; Dantzer et al., 2008; Heyser et al., 1997; Kelley et al., 2003;
Shen et al., 2004; Sparkman et al., 2006). Aging, which is associated with reduced cognitive

function, has been also correlated in mice with increased levels of pro-inflammatory
cytokines (Loane et al., 2009; Mabher et al., 2005; Salek et al., 2008).

Most of the works linking immunity and cognition were dedicated to the negative aspects of
pro-inflammatory cytokines originating from innate immune cells (Cumiskey et al., 2007;
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Dantzer, 2001; Lin et al., 2009; McAfoose and Baune, 2009; McAfoose et al., 2009;
Sparkman et al., 2006; Tanaka et al., 2006). Therefore, the role of adaptive immunity and its
derived cytokines were largely neglected in these complex neuroimmune interactions.

Recently, we and others have shown that adaptive immunity plays a major role in brain
function (Brynskikh et al., 2008; Cao et al., 2009; Derecki et al., 2010; Kipnis et al., 2004;
Lewitus et al., 2008; Wolf et al., 2009; Ziv et al., 2006). Mice deficient in adaptive
immunity (i.e. T cell deficient nude mice or T and B cell deficient SCID mice) exhibit
cognitive impairment, which could be remedied following passive transfer of T cells from
wild type counterparts (Brynskikh et al., 2008; Kipnis et al., 2004). Moreover, acute
depletion of T cells from adult wild type mice, via transfer of SCID-derived bone marrow
following irradiation, also resulted in cognitive impairment (Brynskikh et al., 2008; Derecki
etal., 2010; Ron-Harel et al., 2008). These results suggested for the first time that peripheral
adaptive immunity affects learning and memory.

Questions still remained regarding the location and the mechanism underlying T cell effect
on cognitive function. No T cells were detectable in the parenchyma of naive or trained
mice, but in the areas immediately adjacent to the parenchyma, such as the sub-arachnoid
meningeal spaces and choroid plexus, substantial immunological changes were apparent
when the animals were introduced to a cognitive task (Derecki et al., 2010). These areas
have been previously shown to be substantially populated by immune cells, but a majority of
published works focused primarily on pathological conditions, such as meningitis, or
Multiple Sclerosis (MS) (Kivisakk et al., 2009; Kivisakk et al., 2003).

We found that overall T cell numbers in the meninges increased significantly following the
performance of a visuo-spatial learning and memory task. These T cells exhibited an
activation phenotype and expressed high levels of IL-4, suggesting a possible molecular link
(Derecki et al., 2010; Kipnis et al., 2008). Indeed, meningeal myeloid cells were also
activated in response to a cognitive task, and interestingly, their phenotype was largely
dependent on the influx of meningeal T cells. In mice lacking T cells altogether, meningeal
myeloid cells adopted a skewed pro-inflammatory phenotype, expressing high levels of
TNFo and I1L-12. Similar results were obtained when T cell trafficking into the meningeal
spaces was inhibited acutely via pharmacological blockade: When mice were treated with
FTY720, a sphingosine-1 phosphate-1 receptor agonist that induces general lymphopenia, or
with an antibody to VLA4, an integrin that governs T cell migration into the CNS,
meningeal myeloid cells also adopt a pro-inflammatory (M1) skew, and display learning and
memory impairment (Derecki et al., 2010). Moreover, mice with a full T cell repertoire—but
deficient in IL-4—were profoundly impaired in cognitive function. IL-4 deficiency limited
specifically to the immune system, as was shown by chimera studies, was sufficient to result
in M1-skewed meningeal myeloid cells and impaired cognitive function, which could be
improved by injection of wild type IL-4-competent T cells (Derecki et al., 2010).

These results led us to suggest that T cell-derived IL-4 is the major cytokine that regulates
the phenotype of meningeal myeloid cells. However, we have also shown that IL-4 could
directly affect astrocytes and induce them to produce high levels of brain derived
neurotrophic factor (BDNF) (Derecki et al., 2010) associated with successful cognitive task
performance. Therefore, the question is—what is the primary mechanism of IL-4 action? Is
the cytokine working through regulation of meningeal myeloid cells, through induction of
BDNF in astrocytes, or both? Based on these studies, we proposed that T cell malfunction
might significantly contribute to the etiology of some cognitive conditions, like HIV-
dementia, age-related dementia, and ‘chemo-brain.” Important to note, however, is the
following caveat: the boost of T cell function under the above-mentioned pathological
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conditions would not be feasible, and thus therapies that circumvent the need for T cells,
instead driving downstream pathways, are needed (Kipnis et al., 2008).

In this study we show that induction of an alternatively activated (M2) phenotype of
myeloid cells (Mantovani et al., 2005), achieved by skewing them in vitro with IL-4, and
their subsequent injection into T cell-deficient recipients, results in the reverse of pro-
inflammatory skew and in improved learning and memory. Our results suggest that M2 cells
could contribute directly (in a T cell-independent manner) to cognitive function, and might
be developed in the future as an eminently feasible new therapeutic approach for cognitive
conditions associated with T cell malfunction.

Materials and Methods

Animals

Inbred male adult (8-10-wk-old) CBySmn.CB17-Prkdcscid/J (recipients) and C57BL/6-
Tg(UBC-GFP)30Scha/J (donors) mice were purchased from the Jackson Laboratory. All
animals were housed in temperature- and humidity-controlled rooms, maintained on a 12-h
light/dark cycle (lights on at 7:00 a.m.), and age matched in each experiment. All strains
were kept in identical housing conditions. The lifespan of SCID mice is comparable to that
of wild-type mice, and there are no specific dietary or housing requirements for this mutant
strain. Animal protocols were approved by the University of Virginia Institutional Animal
Care and Use Committee. All procedures complied with regulations of the Institutional
Animal Care and Use Committee at the University of Virginia.

Morris Water Maze (MWM)

FACS

Mice were given four trials per day, for 4 consecutive days, to find a hidden 10-cm diameter
platform located 1 cm below the water surface in a pool 1 m in diameter. The water
temperature was kept between 21 and 22°C. Water was made opaque with non-toxic
tempera paint. Within the testing room, only distal visual shape and object cues were
available to the mice to aid in location of the submerged platform. The escape latency, i.e.,
the time required by the mouse to find and climb onto the platform, was recorded with a 60s
limit. Each mouse was allowed to remain on the platform for 30 s and was then moved from
the maze to its home cage. If the mouse did not find the platform within 60 s, it was
manually placed on the platform and returned to its home cage after 30 s. The inter-trial
interval for each mouse was 5 min. On day 5, the platform was removed from the pool, and
each mouse was tested by a probe trial for 60 s, and the amount of time spent in the quadrant
where the platform was previously located was recorded. On days 6 and 7, the platform was
placed in the quadrant opposite the original training quadrant, and the mouse was retrained
for four sessions each day. On day 8 mice were introduced to the pool with a visible
platform in a third quadrant, different from the first two training quadrants, and were
recorded for four trials. Data from all experiments were recorded using the EthoVision
automated tracking system (Noldus Information Technology). Statistical analysis was
performed using analysis of variance (ANOVA) and the Bonferroni post-hoc test. Groups
were counterbalanced, i.e., run in alternating order on successive training days. All MWM
testing was performed between 10 a.m. and 3 p.m. during the lights-on phase. All behavior
experiments were performed by an experimenter blinded to the identity of experimental
groups.

Bone marrow-derived macrophages were cultured for 9 days, and then incubated with either
20 ng/ml rIL-4 for 72 hours or IFN-gamma for 48 hrs followed by the addition of
lipopolysaccharide for 24 hours (72 hours total for both conditions). Extracellular and
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intracellular staining was done with cultured macrophages, which were labeled with
antibodies to TNFa or CD206 and analyzed by FACS. After 8 days MWM training, viable
myeloid cells (CD45+CD11b+) were isolated from meninges and spleens of control and
M2-injected animals and were compared for expression of granulocyte and monocyte
markers (Gr-1, Ly6C), extracellular markers indicating M2 skew (CD206), and meningeal
myeloid expression of intracellular cytokines IL-10 and TNF by FACS.

Bone marrow isolation

Injections

Mice were sacrificed using CO2 and saturated with 70% alcohol. Skin was removed from
the lower part of the body. Tissue was removed from hind legs with scissors and dissected
away from the body. Remaining tissue was cleaned from the tibial and femoral bones and
bones were separated at the knee joint. Bone ends were cut off. Cells were forced out of
bones with a stream of 0.1 M PBS, pH 7.4, containing 10% fetal calf serum using a 10-cc
syringe with a 25-gauge needle. Cells were centrifuged and resuspended at a concentration
of 2 x 107 cells/ml in PBS and plated in TC-coated 24-well plates in Hi Glucose DMEM
(Invitrogen) + 10% Heat inactivated FBS (Invitrogen) + 10 ng/ml recombinant MCSF (R &
D) at 37° 5% CO2, 106 BM cells/well in 1.5 ml medium, which was changed every 3 days.
On the ninth day, macrophages were skewed to M2 with 20ng/ml rIL4 (R and D) for 72
hours, or M1 with IFN-g (50ng/ml) for 48 hours, then LPS for 24 hours. The cells were
released with 10mM EDTA for 15 mins and vigorous pipetting to mix. The cell solution was
then centrifuged at 300 X G for 10 minutes and re-suspended in either sterile PBS (for i.v.
injection) or artificial cerebrospinal fluid (ACSF) (for i.c.v. injection) at 2x108/ml.

l.v. injection was performed wherein 250 ul (0.5X106) of either M1- or M2- skewed
macrophages suspended in isotonic PBS or plain PBS was injected via the tail vein. The
animals were then rested for 5 days before initiating MWM training. For i.c.v. injections,
mice were anesthetized with ketamine/xylazine anesthesia; holes were drilled in skulls and
stereotactic coordinates (0.5 mm lateral to Bregma and 2 mm deep) were used for injection.
All mice received injections of 1 ul each side (total of 2ul) of M1 macrophages, M2
macrophages or ACSV. The animals were then rested for five days; wound clips were
removed, and animals were rested for an additional two days (seven days total) before
initiating MWM training.

FACS of meningeal isolates

Mice were thoroughly transcardially perfused with pH 7.4 0.1M PBS immediately after the
last training trial. Heads were removed and skulls were quickly stripped of all flesh.
Mandibles were next removed, as was all skull material rostral to maxillae. Surgical scissors
(Fine Science Tools, Foster City, CA) were used to remove tops of skulls, cutting clockwise,
beginning and ending inferior to the right post-tympanic hook. Brains and superior skulls
were immediately placed in ice-cold FACS buffer (pH 7.4 0.1M PBS, 1mM EDTA, 1%
BSA). Meninges (dura mater, arachnoid mater and pia mater) were carefully removed from
the interior aspect of skulls and surfaces of brains with Dumont #5 forceps (Fine Science
Tools, Foster City, CA). Meninges from each group were pooled. Meningeal tissue was
gently pressed through 70 m nylon mesh cell strainers with sterile plastic plungers (BD
Biosciences, Franklin Lakes, NJ) to yield a single cell suspension. Cells were then
centrifuged at 1100 RPM at 4°C for 10 minutes, the supernatant was removed, and cells
were re-suspended in ice-cold FACS buffer. Cells were stained for extracellular markers
with antibodies to CD11b conjugated to FITC, PE, APC-Cy7, or PE-Cy7; CD45 conjugated
to APC, APC-Cy7, or efluor 450, Ly6C conjugated to PE-Cy5 Ly6G conjugated to PE-Cy7;
cells were stained for intracellular markers with antibodies to IL-10 conjugated to FITC,
TNFa conjugated to PE. (eBioscience, San Diego, CA). For IL-10 and TNFa staining,
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meningeal isolates were incubated with 10 g/ml Brefeldin-A at 37°C for 5 hours, then
labeled with appropriate antibodies as above (eBioscience). All cells were then fixed in 1%
PFA in 0.1M pH 7.4 PBS. Fluorescence data was collected with a CyAn™ ADP High-
Performance Flow Cytometer (Dako, Carpenteria, CA) and then analyzed using Flowjo
(Tree Star). To obtain equivalent and accurate cell counts cells were gated first using the
LIVE/DEAD® Fixable Dead Cell Stain Kit per manufacturer's instructions, (Invitrogen),
forward scatter vs. side scatter to eliminate debris, pulse width vs. area to select singlet cells,
then by appropriate markers for cell type (e.g. CD11b for myeloid-derived cells).

Bone marrow-derived macrophages (BMDM) from UBC-GFP mice [C57BL/6-Tg(UBC-
GFP)30Scha/J] were grown in culture for 9 days (Fig. 1a) and then treated with either IL-4
or IFN-y/LPS to obtain either alternatively (M2) or classically (M1) activated macrophages
(Mantovani et al., 2005) prior to their injection into the mice. After the treatment the cells
were labeled with CD206 (a marker of M2 cells) and with TNFa (characteristic of M1 cells)
and examined by FACS. BMDM treated with IL-4 exhibit low levels of TNFa and high
levels of CD206 and those classically activated with IFN-y/LPS exhibit high levels of TNFa
and lower levels of CD206 expression (Fig. 1b). SCID mice were injected
intracerebroventricularly (i.c.v.) with either artificial cerebrospinal fluid (ACSF) or M2 cells
suspended in ACSF. The injected cells could be visualized in the meningeal spaces of the
injected mice for at least 2 weeks post injection (Fig. 1c).

One week after the cells were placed into the ventricular spaces of SCID mice, the animals
were examined on the MWM spatial learning and memory cognitive task. No significant
effect of M2 cell injection as compared to control treated mice was evident in the acquisition
stage of the MWM (Fig. 2a). There was a slight but statistically insignificant increase in the
time spent by the M2-treated mice in the training quadrant on the probe trial (Fig. 2b).
Finally, a significant improvement of the M2-treated mice was obtained on the last day of
the reverse trial (Fig. 2c), suggesting that M2 cells are only having a marginal effect under
these experimental conditions. It should be noted that SCID mice are very poor learners, as
was previously published by us and others (Brynskikh et al., 2008;Ron-Harel et al., 2008).
However, upon passive transfer of T cells their learning significantly improves (Kipnis et
al., 2004), suggesting that these mice are amenable to learning improvement. It should be
noted that the velocities of both groups of mice did not differ and thus data analysis based on
the distance traveled to the platform has revealed identical results (data not shown).

We examined the systemic and the local (meningeal) adaptive immune response in the
recipients SCID mice after the training. To examine the changes induced by our implanted
M2 cells on the resident myeloid cells, we examined the GFP negative fraction of isolated
CD11b™ cells (i.e. excluding the injected GFP cells from the analysis). The numbers of
CD11b* myeloid cells expressing high levels of the mannose receptor (CD206), a marker of
anti-inflammatory phenotype, in the meninges of M2-treated mice were increased as
compared to controls (Fig. 3a). Interestingly, similar results were obtained in the spleens on
the treated mice, suggesting that meningeal immunity has a more broad systemic effect. The
cytokine profile of meningeal myeloid cells was also changed and the characteristic pro-
inflammatory skew of meningeal myeloid cells in SCID mice was ameliorated in mice
treated with M2 as is evident by a reduction in TNFa and increase in IL-10 expression by
CD11b* meningeal cells (Fig. 3b).

Since the i.c.v. injection of M2 cells did not yield a robust effect on cognitive behavior but
did have a substantial effect on meningeal myeloid cell phenotype, we presumed that the
injury associated with i.c.v. injection and its accompanying inflammation might have
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masked the real benefit induced by M2 cells. To address this question we changed the route
of M2 administration from i.c.v. to intravenous (i.v.) injection. SCID mice were treated with
i.v. injection of PBS, M1 or M2 cells, and 5 days after were examined on the MWM task. A
significant improvement of M2 treated SCID mice was evident in the acquisition phase of
the task and a slight but insignificant impairment was obtained in M1-treated mice (Fig. 4a).
In a probe trial, M2 treated mice performed significantly better then their control or M1-
treated mice (Fig. 4b). Finally, in the reverse phase, M2-treated mice again showed a
significant superiority in the task performance compared to control or M1-treated mice (Fig.
4c). These results demonstrate for the first time that i.v. treatment of SCID mice with
alternatively activated macrophages improves cognitive function as tested in MWM task. As
mentioned above, the velocities of all three groups did not differ and thus data analysis
based on the distance traveled to reach the platform revealed similar results (data not
shown).

We then analyzed the meningeal and peripheral (splenic) immunity of the trained mice. As
before, we concentrated on the GFP negative (presumably induced) fraction of CD11b*
cells, although it should be mentioned that low levels of GFP*CD11b* cells were found in
examined tissues (meninges and spleen), which is expected since mature macrophages do
not typically exit circulation as do immature monocytes, and probably mediate their effect
through “infectious’ regulation of blood monocytes. It was evident that M2-treated mice had
higher numbers of Ly6C'° cells specifically in meninges as compared to control and M1-
treated mice. These Ly6C!° cells are most likely mature, tissue-building monocytes, rather
than classical ‘inflammatory monocytes’, which typically express high levels of Ly6C
antigen. The levels of TNFa were significantly reduced in M2-treated mice as compared to
M1-treated mice (Fig. 5b), whereas IL-10 expression was higher in meningeal myeloid cells
obtained from M2-treated mice that from control mice (Fig. 5¢). Interestingly, here as well,
differences were evident in peripheral immunity as exhibited by splenic cells. Increased
expression of TNFa (Fig. 5e) and reduced levels of IL-10 expression (Fig. 5f) were seen in
splenocytes from M1-treated mice, while Ly6C expression did not differ in splenocytes as it
did in meningeal myeloid cells (Fig. 5d).

Discussion

Here we demonstrate that the transfer of alternatively activated myeloid cells benefits
cognitive function in mice devoid of adaptive immunity. The improved cognitive function in
this model is associated with alleviation of a skewed pro-inflammatory (M1) phenotype of
meningeal myeloid cells, characteristic of mice deficient in normal meningeal T cell
immune response. These results suggest that M2 cells could be utilized in future as a
potential therapy for cognitive disorders associated with T cell dysfunction, such as HIV-
dementia, age- related dementia, or ‘chemo-brain.’

The precise mechanism (whether cell migration of release of soluble factors to mediate this
effect) underlying the changes in peripheral immunity as a result of i.c.v. injection of M2
cells, is beyond the scope of this paper and is being currently studied in the lab. Along these
lines, this study aimed to address two major, and likely interconnected questions: First, are T
cells working primarily through regulation of meningeal myeloid cell phenotype in their
beneficial effect on cognitive function? Second, can immune-mediated benefit on cognitive
function be achieved in a T cell-independent manner, or, in other words, can IL-4-activated
myeloid cells circumvent the need for T cells and their derived 1L-4?

We have shown that T cell derived IL-4 is the major soluble factor identified thus far that
regulates meningeal immunity and contributes to cognitive function (Derecki et al., 2010).
However, since IL-4 has multiple potential targets—we have previously shown two, i.e. the
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phenotype of meningeal myeloid cells and BDNF expression by astrocytes—we did not
know the extent to which the anti-inflammatory cytokines produced by T cell-induced
meningeal myeloid cells might be important for cognitive benefit. Our current results
indicate that myeloid cells may play a critical role in the T cell-mediated effect on cognitive
function, at least under these experimental conditions. These results do not eliminate the
possibility that the T cell-derived IL-4 regulation of astrocyte-produced BDNF is also
involved in the T cell-mediated benefit in cognition. To perfectly address this question, a
separate depletion of 1L-4 receptor on meningeal myeloid cells or on astrocytes is needed.
These experiments are currently underway in our laboratory, using IL-4R floxed mice
(Marillier et al., 2010).

It should also be noted that all of the experiments presented in this manuscript were
performed in immune deficient, SCID, mice. These mice are shown to present a skewed pro-
inflammatory myeloid phenotype in both periphery and meninges, due to the lack of T cells.
It will be important to examine the effect of M2 cells on cognitive function under conditions
of partial T cell malfunction more analogous to human conditions, such as in aged mice and
mouse models of chemotherapeutic response. It is possible that in the presence of low levels
of T cells, that would not be sufficiently supportive of cognitive function on their own,
injection of M2 cells would result in even greater beneficial effect, since beyond their effect
on innate immunity, M2 cells could also shift T cell immunity towards an anti-inflammatory
TH2 phenotype, leading to a self-propagating beneficial response.

The i.c.v. injection of M2 cells did not yield a very significant behavioral effect, although a
molecular effect was indeed observed. While prima facie surprising, this could, in fact, be
due to the injury associated with the application of cells. Indeed, it is quite possible that the
directly injected M2 cells would be marshaled by the CNS to participate in wound healing—
rather than in support of cognition. The likelihood of this scenario is further supported by
the fact that the number of cells injected was quite small (a necessity, given the tight
constraints of intraventricular fluid pressure that limit injection volume), and that the injury
was directly available to the skewed macrophages. Furthermore, microscopic examination
post-injury shows significant intercalation of labeled cells within the brain parenchyma (not
shown).

The effect of i.c.v. injection on peripheral immunity is intriguing, though not unprecedented.
It has been recently shown that the CNS, via the splenic nerve, may be able to directly effect
downregulation of macrophage-derived TNFa in spleen (Rosas-Ballina, PNAS, 2008).
Whether the observations described in this paper are a result of meningeal or parenchymal
immunity affecting peripheral immunity are unclear, and will require further study.

Collectively, we have shown here evidence that anti-inflammatory myeloid cells
administered i.v. can significantly ameliorate cognitive impairment in mice lacking adaptive
immune cells. While it has been amply demonstrated by our group and others that CD4* T
cells function in support of cognition (Derecki et al., 2010), to our knowledge this is the first
time that an immune-based T cell-independent boost of cognitive function has been
demonstrated. The obviation of T cells as a necessary component in the support of learning
and memory by the immune system is critical in terms of bridging the gap between bench
and bedside application of basic neuroimmunology. Therapies that necessitate direct T cell
manipulation are inherently risky. A boost of T cell function, if not well-controlled, can
result in catastrophic autoimmunity, while suppression of T cell function increases the risk
of cancer (Mantovani and Sica, 2010; Sica et al., 2008), and, as demonstrated recently, can
also result in unanticipated inflammation and cognitive consequences (Derecki et al., 2010).
Myeloid cells, on the other hand, provide an opportunity to harness the therapeutic power of
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the immune system, and its ability to innately target anatomical sites of dysfunction—such
as the meningeal spaces—without substantial risk of autoimmune consequences.
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Figure 1. Generation, characterization and intracerebroventricular injection of alternatively
activated macrophages

(a) Representative image of alternatively activated bone marrow-derived macrophages after
nine days in culture. (b) FACS analysis of M1 and M2 skewed macrophages labeled for
TNFo and CD206 expression. (¢) Representative images of CFSE-labeled macrophages in
ventricles 3d after i.c.v. injection are shown.
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Figure 2. 1.c.v. injection of M2 cells into SCID mice marginally benefits MWM performance
SCID mice (C57BL/6J) were injected i.c.v. with either M2-skewed macrophages (N=8) or
ACSV vehicle (N=8) and monitored during MWM task performance. (a) During the
acquisition and (b) the probe trial phases, no significant difference between the two groups
was obtained. (c) During the reverse phase, M2-injected mice took significantly less time to
locate the hidden platform as compared to their controls. Two-way repeated measures
ANOVA with post hoc Bonferroni test was used for statistical analysis (**, p < 0.01). All
behavior experiments were recorded with the EthoVision video tracking system and
performed by an experimenter blinded to the identity of experimental groups. Representative
experiments are shown out of two independently performed.
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Figure 3. l.c.v. injection of M2 cells into SCID mice results in an anti-inflammatory skew of

endogenous meningeal myeloid cells
FACS analyses were performed on viable, CD457/CD11b* cells isolated from (a, c)

meninges and (b) spleen of MWM-trained mice. Numbers on histograms indicate
percentages. CD11b* cells from both spleens and meninges of M2-injected animals showed
up-regulation of CD206 as compared to vehicle-injected control. (c) Endogenous meningeal

myeloid cells of M2-injected animals also displayed decreased production of the pro-
inflammatory cytokine TNFa and increased production of anti-inflammatory IL-10.

Representative experiment out of two independently performed is presented (n = 8 mice in

each group).
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Figure 4. Intravenous injection of M2 improves cognitive performance of SCID mice on MWM
task

SCID mice (C57BL/6J) were injected i.v. with either M1-skewed macrophages, M2-skewed
macrophages or PBS vehicle (N=8 in each group) and monitored during MWM task
performance. During (a) the acquisition and (c) the reversal phases of the task, M2-injected
mice took significantly less time than M1- or vehicle-injected controls to locate the hidden
platform. Two-way repeated measures ANOVA with post hoc Bonferroni test was used for
statistical analysis (**, p < 0.01). (b) During the probe trial, M2-injected mice spent
significantly more time in the training quadrant than M1- or vehicle-injected controls.
Student's t-test; (*, p < 0.05). Representative experiments are shown out of two
independently performed.
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Figure 5. L.v. injection of M2 cells into SCID mice results in an anti-inflammatory skew of
endogenous meningeal myeloid cells

FACS analyses were performed on viable, CD45*/CD11b" cells isolated from (a-c)
meninges and (d-f) spleen of MWM-trained mice. Numbers on histograms indicate
percentages. CD11b* cells from both spleens and meninges of M1- or M2- injected animals
and their vehicle-injected controls were examined for (a, d) Ly6C, (b, €) TNFa, and (c, f)
IL-10 expression. Representative experiment out of two independently performed is
presented (n = 8 mice in each group).
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