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ARTICLE INFO ABSTRACT
Keywords: Aging is a risk factor for the development of breast cancer. Foundational science studies have
Social enrichment supported associations among neuroinflammation, breast cancer, and chemotherapy, but to date,
Breast cancer these associations are based on studies using young adult rodents. The current study examined the
Chemotherapy . : .. . . .

- . neuroinflammatory effects of chemotherapy in aged, tumor-naive and tumor-bearing mice with or
Neuroinflammation . . . . . . Py . . e
Aging without social enrichment. Mice received two intravenous injections of doxorubicin (A) and
Monocytes cyclophosphamide (C) at a two-week interval. Brain immune cells were enriched/assessed via

flow cytometry, seven days following the second chemotherapy injection. Social enrichment
enhanced peripheral immune cell trafficking in aged tumor-naive mice treated with AC. Group
housed aged tumor bearing mice receiving AC had reduced percentage of IL-6+ monocytes and
granulocytes relative to their singly housed counterparts. Notably, group housing aged experi-
mental mice with young cage partners significantly reduced TNF + monocytes, tumor volume,
and tumor mass. These data illustrate the importance of social enrichment in attenuating neu-
roinflammation and are the first to demonstrate that social support with young housing partners
reduces tumor growth in aged mice.

1. Introduction

Breast cancer affects large numbers of women annually. In 2019, the latest year for which incidence data are currently available,
the CDC reported the incidence rate of female breast cancer as 130 cases per 100,000 women, making breast cancer the leading cause
of cancer diagnoses in women. Breast cancer patients frequently report altered sleep, affective behaviors, and cognition [1-4].
Foundational science studies have supported these associations, as mammary tumor bearing mice display alterations in sleep, the
development of depressive-like behavior, and cognitive impairment [5-8]. Notably, these relationships are reciprocal. Clinically, there
are also established relationships among altered sleep, cognitive deficits, development of depression/anxiety, and cancer pro-
gression/cancer survival [4,9-11]. Indeed, women reporting 6 h or less of sleep at cancer diagnoses are more likely to have tumors
staged as regional or distant [11]. A recent meta-analysis of over 280,000 breast cancer patients reports a significant association
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between depression and cancer reoccurrence and depression and cancer-specific mortality [4]. Additionally, a recent retrospective
study of older (>67 years) female patients diagnosed with breast cancer demonstrate a significant association between cognitive
impairments and cancer-specific mortality [9].

Chemotherapy treatment is associated with worsening of cognitive deficits, sleep alterations, and development of depression in
breast cancer patients [12-15]. In a cohort of ~70 women with stage I-III breast cancer who received >4 cycles of chemotherapy,
patients exhibited worse sleep and more depressive symptoms following their 4th cycle of chemotherapy relative to their baseline and
cancer-free controls [12]. Additionally, a meta-analysis comprised of 13 studies (997 subjects) examined the effects of chemotherapy
on seven different cognitive domains, across five cancer types and reported a significant negative correlation between chemotherapy
treatment duration and cognitive impairment [16].

In the absence of cancer, mice receiving chemotherapy exhibit altered sleep, increased depressive-like behavior, and cognitive
deficits, suggesting that chemotherapy treatment alone is sufficient to alter behavior [17-21]. The precise neurobiological basis of
chemotherapy induced alterations in sleep, cognitive function, and depression remains unspecified. However, common hypotheses
include neuroinflammation, oxidative stress, decreased blood flow, decreased neurotrophic factors, and decreased neurogenesis [3,
22-26]. Overall, the balance of empirical evidence supports the hypothesis that neuroinflammation is responsible for the neuropsy-
chological and sleep effects of chemotherapy [27].

Social support is associated with both the development of behavioral changes in breast cancer patients and cancer progression/
mortality [28-32]. Patients with low social support prior to treatment report increased levels of pain and depressive symptoms relative
to patients with robust social support [28]. Likewise, social support is negatively correlated with depression and anxiety in a cohort of
220 breast cancer patients [32]. Short-term social support also may be beneficial, as breast cancer patients who participate in group
activities post-diagnosis exhibit reduced anxiety and depression [33,34]. In addition to influencing quality of life, there are compelling
data to suggest that social interactions influence disease course. Social isolation prior to breast cancer diagnoses is associated with a

A ; ¢ HHH B Microglia

100

Mice were .
Singly or Group 1*Injection of 2" Injection of Immune Cell Isolation Og =} afo *[ O Vehicle
Ovariectomized Housed Vehicle or AC Vehicle or AC and Flow Cytometry 80 O Chemotherapy
F Bl [°
s 60
=)
Day 0 Day7 Day 21 Day 28 O 4
xR
¥ N v 20
p % Call Isolation
Jo . mm T T T T
A @  d— Single  Grouped Single  Grouped
» — B Myelin Layer
. - ) 2
30% Layer (in PBS)
Fo Intermediate Layer (Cells)
70% Layer (1n PBS)
C MHCII* Microglia D CD86* Microglia E CD206* Microglia
80 10 80 ,
Op o ° o Vehicle
8 o O Chemotherapy
s % o 8 o o s & o Q
£ 0% £ £ b4 8 i
@ o D 6 o Ono
|4 4 o |4
S 40 oo = S o S 40 5
H S o od g 4 s = Q0 obo
* = o = o & o
20 2 B o 20 o
l S | o o
0%0 80 H
T T T T T T T T T T T T
Single  Grouped Single  Grouped Single  Grouped Single  Grouped Single  Grouped Single  Grouped
F G H TNF* Microglia
IL1* Microglia IL6" Microglia o
100 - 80 O Vehicle
oo o8oo0 o o
o 8o og® @0 60 o %o O Chemotherapy
80, 60 o ] a
< < o L u]
S 60 o o Oo k) o 2 g [5] o
o § o o = o 2 40 Q B G 40 o o o
2 o 2 s o
= 4 H ° o9 a =
= = o ol ®
° 20 20
20
T T T T T T T T T 1 T T
Single  Grouped Single  Grouped Single  Grouped Single  Grouped Single  Grouped Single  Grouped

Fig. 1. Chemotherapy Treatment has Limited Effects on Microglia. (A) Timeline of the experimental design. (B) AC therapy reduced the
percentage of microglia independent of housing status (i.e., main effect of chemotherapy treatment). There were no significant changes in (C)
MHCII*, (D) CD86", or (E) CD206" microglia. Additionally, there were no effects in (F) IL-17, (G) IL-6", or (H) TNF' microglia. The data are
presented as mean + SEM. (A) Made with Biorender.com. (B-H) Two-way ANOVA with Fisher’s LSD. *IMain effect of chemotherapy treatment. n =
7-10/group.
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two-fold increase in cancer-specific mortality [33]. Additionally, social support post-diagnosis is associated with a lower risk of death
[35]1.

Previous work from our lab has demonstrated the beneficial effects of social enrichment via attenuation of chemotherapy-induced
interleukin-6 mRNA expression and depressive-like behavior in a tumor-free mouse model [36]. However, the cellular sources of
neuroinflammation remained undetermined. Thus, the current study sought to identify the cell type responsible for neuro-
inflammation following chemotherapy administration and determine the neuroinflammatory effects of chemotherapy administration
in tumor-bearing mice. Because one of the most significant risk factors for breast cancer development is aging and no study, to our
knowledge, has examined the neuroinflammatory effects of chemotherapy administration in aged mice, we sought to investigate the
chemotherapy induced neuroinflammation in aged tumor-free and tumor-bearing mice with or without social enrichment. We hy-
pothesized that chemotherapy increases neuroinflammation via increased immune cell trafficking within the brain and predicted this
effect would be modulated by social enrichment.

2. Results
2.1. Neuroinflammatory effects of chemotherapy in aged non-tumor bearing mice

Because aging can prime microglia leading to an exaggerated immune response to an inflammatory stimulus [37] and
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Fig. 2. Chemotherapy Alters Monocyte Trafficking within the Brain. (A) Density plots outlining primarily microglia (CD11b" CD45'°%) and
peripheral immune cells (CD11b" CD45"8%). (B) Group housed mice receiving chemotherapy demonstrated a significantly increased percentage of
monocytes relative to all other groups. (C) AC therapy increased the percentage of IL-1" monocytes independent of housing status (i.e., main effect
of chemotherapy treatment). (D) There were no effects on IL-6" monocytes. (E) Independent of housing status, mice receiving AC therapy displayed
a reduced number of TNF™ monocytes relative to group housed vehicle treated mice. (F) Singly housed mice receiving chemotherapy exhibited
increased percentage of CD192" monocytes relative to vehicle treated groups. (G) There were no effects on CX3CR1" monocytes. The data are
presented as mean + SEM. (B-G) Two-way ANOVA with Fisher’s LSD. *'Main effect of chemotherapy treatment. “Main effect of housing status. *p
< 0.05, **p < 0.01, ***p < 0.001; Fisher’s LSD. n = 6-10/group.
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chemotherapy treatment alone in young mice induces a neuroinflammatory response [36], we first sought to determine the effects of
chemotherapy treatment in aged mice. Chemotherapy treatment had minor effects on microglia (Fig. 1). Specifically, independent of
housing status, mice receiving chemotherapy treatment displayed reduced number of microglia as a percentage of CD11b™ cells
(Fig. 1B; F1,30 = 4.954, p < 0.05). However, direct comparisons between groups revealed no significant differences (Fig. 1B). AC
therapy had no significant effect on microglial phenotypes (Fig. 1C-H). Specifically, there were no changes in the percentages of
MHCII', CD86™, or CD206" microglia (Fig. 1C-E). Additionally, chemotherapy treatment did not affect the percentages of microglia
expressing pro-inflammatory cytokines IL-1, IL-6, or TNF (Fig. 1F-H) or anti-inflammatory cytokines IL-4 and IL-10 (data not shown).

Next, we assessed the effects of chemotherapy treatment on peripheral immune cell trafficking within the CNS. There were main
effects of housing (Fig. 2B; Fq 33 = 6.637, p < 0.05) and chemotherapy treatment (Fig. 2B; Fq 35 = 17.71, p < 0.001) on the number of
monocytes as a percentage of CD11b" cells within the brain (Fig. 2B). Group housed mice receiving chemotherapy demonstrated a
significant increase in the percentage of monocytes relative to all other groups (Fig. 2A-B, p < 0.01 for all comparisons). Additionally,
independent of housing status, mice receiving AC therapy displayed an increased number of IL-1" monocytes as a percentage of total
monocytes (Fig. 2C; Fy 31 = 4.339, p < 0.05). Direct comparisons between groups revealed no significant differences other than the
main effect of chemotherapy treatment (Fig. 2C). As a likely consequence, there was a main effect of chemotherapy treatment on the
percentage of TNF' monocytes (Fig. 2E; F1 31 = 10.71, p < 0.01). Specifically, independent of housing status, mice receiving AC
therapy had a reduced percentage of TNF" monocytes relative to group housed vehicle-treated mice (Fig. 2E, p < 0.05). There was no
effect on IL-6" monocytes (Fig. 2D). Chemotherapy altered expression of monocyte cell surface markers (Fig. 2F). There was a main
effect of chemotherapy treatment on the percentage of CD192" monocytes (Fig. 2F; F1,32 = 11.16, p < 0.01). Singly housed mice
receiving chemotherapy exhibited an increase in CD192" monocytes relative to both vehicle treated groups (Fig. 2F; p < 0.05).
However, there was no effect on CX3CR1 expression by monocytes (Fig. 2G).
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Fig. 3. Effects of Chemotherapy Administration on Neutrophils and Granulocytes within the Brain. (A) AC therapy increased the percentage
of neutrophils in group housed mice relative to their singly housed counterparts. (B) Chemotherapy treatment reduced the percentage of IL-1*
neutrophils; singly housed chemotherapy treated mice exhibited reduced IL-1" neutrophils relative to both vehicle groups. There were no significant
effects on (C) IL-6™, (D) TNF™, or (F) IL-10" neutrophils. (E) AC therapy increased the percentage of IL-4™ neutrophils; singly housed chemotherapy
treated mice demonstrated increased IL-4 neutrophils relative to both vehicle groups. There were no significant effects on the percentage of (G)
granulocytes or the percentage of granulocytes expressing (H) IL-1, (I) IL-6, (K) IL-4, or (L) IL-10. (J) AC treatment reduced the number of TNF*
granulocytes; group housed chemotherapy treated mice exhibited reduced TNF' granulocytes relative to both vehicle groups. The data are pre-
sented as mean + SEM. (A-L) Two-way ANOVA with Fisher’s LSD. *IMain effect of chemotherapy treatment. #Main effect of housing status. *p <
0.05; Fisher’s LSD n = 7-10/group.
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Similar to monocytes, there was a main effect of housing on the percentage of neutrophils within the brain (Fig. 3A; F 30 =6.198, p
< 0.05). Group housed mice receiving AC demonstrated a significantly increased percentage of neutrophils relative to singly housed
mice that were administered chemotherapy (Fig. 3A; p < 0.05). Additionally, there were main effects of chemotherapy treatment on IL-
1% (Fig. 3B; F1,31 = 4.901, p < 0.05) and IL-4" (Fig. 3E; F1,31 = 7.133, p < 0.05) neutrophils. Singly housed mice receiving chemo-
therapy exhibit a significant reduction in the percentage of IL-1" neutrophils and a significant increase in the percentage of IL-4"
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Fig. 4. Social Enrichment Reduces the Percentage of IL-67 Monocytes and Granulocytes in Brain of Tumor Bearing Mice Administered
Chemotherapy. (A) Timeline of experimental design. (B) Social enrichment did not alter the percentage of microglia within the brain. Group
housing tumor bearing mice receiving AC therapy did not affect (C) monocytes, (D) IL-1* monocytes, (F) TNF* monocytes, (G) neutrophils, (H) IL-
17 neutrophils, (I) IL-6" neutrophils, (J) TNF' neutrophils, (K) granulocytes, (L) IL-1" granulocytes, or (N) TNF" granulocytes. However, social
enrichment in tumor bearing mice receiving chemotherapy reduced the percentage of IL-6+ (E) monocytes and (M) granulocytes. The data are
presented as mean + SEM. (A) Made with Biorender.com. (B-N) Student’s t-tests. *p < 0.05. n = 8-10/group.
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neutrophils relative to both vehicle treated groups (Fig. 3B and E; p < 0.05 for all comparisons). There were no effects on IL-6, TNF',
or IL-10™ neutrophils (Fig. 3C,D, and F). Similarly, there were no effects in the number of granulocytes as a percentage of CD11b™" cells
(Fig. 3G). No effects were observed in the percentage of IL-1*, IL-6 ", IL.-4T, or IL-10" granulocytes (Fig. H-I and K-L). There was a main
effect of chemotherapy treatment on TNF* granulocytes (Fig. 3J; F1 32 = 7.694, p < 0.05). Specifically, group housed mice receiving
AC therapy exhibited a significantly reduced percentage of TNF' granulocytes relative to both vehicle treated groups (Fig. 3J, p <
0.05).

2.2. Neuroinflammatory effects of chemotherapy in aged tumor bearing mice

Due to the limited translation of chemotherapy treatment alone, we next examined the effects of chemotherapy in aged mice
bearing non-metastatic mammary tumors with or without social enrichment provided by similar aged stimulus animals. As with

Day 21
A Day 7 : B sk
10 |
# Y *[ -~ Single 0 4]
= o
o 57 7 -A- Grouped °
5 * @ 57 2o
= 0 i\ T T g
> - _QIO_
-g 'g -10 apd
m -5 * o —
< 3 o
X 404 R 154 8 284
-15 T T T T T 20 T T
Day 5 Day 10 Day 15 Day 20 Day 28 Single Grouped
E 800 E 2500
g ‘ g 0o
@ 600 g 2000- o a
5 o a £ a
3 S < 1500 55 e
® 400 o ala @ 0 3
= o
£ ] ala 2 1000 8 N
S 200- % S “
(] o A Z 5004
£ b £
= o
2 a 2
¢ 0 T T 3 0 T T
Single Grouped Single Grouped
800 0.8 R
& Aa = A
£ 600- 2 0.6+ o &
s
£ o
S - (o) ' WN = 0.4
§4oo 85,8 age s 0988 pAbab
o008 £ o =
] oo §A§ S 0.2 00 ¢ LN
g 200 o a F go8
P oo Aa o a
oo a o a
0 ? 7 0.0 T T
Single Grouped Single Grouped

Fig. 5. Social Enrichment with Aged Mice Does Not Alter Stress Measures or Tumor Growth in Tumor Bearing Mice Administered
Chemotherapy. (A) Chemotherapy treatment in aged tumor bearing mice results in significant body mass loss. (B) Group housed aged tumor
bearing mice demonstrate significantly increased body mass loss relative to their singly housed counterparts. Social enrichment had no effect on
serum (C) corticosterone or (D) norepinephrine. Group housing had no effect on (E) tumor volume or (F) tumor mass in aged mice receiving AC
therapy. The data are presented as mean + SEM. (A) Mixed-effects analysis with Fisher’s LSD. *'Main effect of housing status. *Main effect of time.
*p < 0.05; Fisher’s LSD (B-F) Student’s t-tests. *p < 0.05, **p < 0.01.(A-D) n = 8-10/group (E-F) n = 17-20/group.
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chemotherapy treatment alone, social enrichment had no effect on the percentage of microglia (Fig. 4B), percentage of microglia
expressing MHCII, CD86, or CD206 (Suppl. Figs. 1A-C), or percentage of microglia expressing IL-1, IL-6, or TNF (Suppl. Figs. 1D-F) in
tumor bearing mice receiving AC therapy. Social enrichment had no effects on the percentages of monocytes (Fig. 4C), neutrophils
(Fig. 4G), and granulocytes (Fig. 4K). Additionally, social enrichment did not alter the percentage of these cells expressing IL-1
(Fig. 4D,H, and L) or TNF (Fig. 4F, J, and N). However, social enrichment reduced the percentages of IL-67 monocytes (Fig. 4E; t
= 2.823, p < 0.05) and granulocytes (Fig. 4M; t = 2.322, p < 0.05) within the brain, suggesting a potential anti-inflammatory effect.

When examining the effects on body mass of AC therapy in aged tumor bearing mice with or without social enrichment, we
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Fig. 6. Social Enrichment with Young Adult Mice Reduces TNF + Monocytes within the Brain of Aged Tumor Bearing Mice Receiving AC
Therapy. (A) Timeline of experimental design. Social enrichment with young mice had no effect on (B) microglia, limited effects on (C-F)
monocytes, and no effect on (G-J) neutrophils or (K-N) granulocytes. The data are presented as mean + SEM. (A) Made with Biorender.com. (B-N)

Student’s t-tests. *p < 0.05. n = 7-10/group.
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observed a main effect of housing (Fig. 5A; F1,17 = 5.367, p < 0.05) and time (Fig. 5A; F2 014,32.22 = 19.55, p < 0.001). Specifically,
group housed tumorbearing mice receiving AC therapy demonstrated significantly increased body mass loss relative to their singly
housed counterparts (Fig. 5B; t = 3.034, p < 0.01). However, there were no significant effects of social enrichment on measures of
stress; group housing did not alter serum corticosterone (Fig. 5C) or serum norepinephrine (Fig. 5D) concentrations. Additionally,
social enrichment had no effect on tumor growth in aged mice receiving AC therapy; tumor volume (Fig. 5E) and tumor mass (Fig. 5F)
were similar between groups.

2.3. Effects of chemotherapy treatment in aged tumor bearing mice with or without young adult mice social enrichment

Because social enrichment has previously been demonstrated to be beneficial in suppressing tumor growth in young adult mice
[38] and these effects were not observed in the previous cohort when examining aged mice, we sought to determine whether the age of
the group housed partners may play a role. Specifically, we aimed to elucidate whether social enrichment with young adult mice could
reduce the neuroinflammatory effects of chemotherapy and alter tumor growth in aged tumor bearing mice. Social enrichment with
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Fig. 7. Social Enrichment with Young Adult Mice Reduces Tumor Volume and Mass in Aged Tumor Bearing Mice Receiving AC Therapy.
(A) Aged tumor bearing mice group housed with young mice demonstrate significantly increased body mass loss relative to their singly housed
counterparts. There were no effects of social enrichment with young mice on serum (B) corticosterone or (C) norepinephrine. Social enrichment with

young mice significantly reduced (D) tumor volume and (E) tumor mass. (A-E) Student’s t-tests. *p < 0.05, ***p < 0.001. (A-C) n = 8-10/group
(E-F) n = 15-19/group.
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young adult mice had limited effects on immune cell composition within the brain relative to singly housed aged tumor bearing mice
receiving chemotherapy. Social enrichment with young adult stimulus mice did not affect the percentage of microglia (Fig. 6B) or
microglia phenotypes (Suppl. Figs. 2A-F). Additionally, there were no effects on the percentages of neutrophils (Fig. 6G-J) or gran-
ulocytes (Fig. 6K-N). However, there were limited effects on monocytes within the brain (Fig. 6C-F); social enrichment with young
adult mice significantly reduced the percentage of TNF' monocytes relative to aged singly housed tumor bearing mice receiving AC
therapy (Fig. 6F). Similar to social enrichment with aged mice, group housing tumor bearing mice receiving AC therapy with young
mice significantly increased body mass loss relative to their singly housed counterparts (Fig. 7A). Additionally, there were no effects on
serum corticosterone (Fig. 7B) or serum norepinephrine (Fig. 7C) concentrations. However, contrary to group housing with aged mice,
social enrichment with young mice significantly reduced tumor volume (Fig. 7D; t = 4.242, p < 0.001) and tumor mass (Fig. 7E; t =
2.445, p < 0.05) in aged mice receiving AC therapy relative to their singly housed counterparts. These data demonstrate that the age of
social enrichment partners (i.e. the stimulus mice) can have a significant effect on tumor growth.

3. Discussion

Aging is a primary risk factor for the development of breast cancer. Breast cancer patients frequently report alterations in behavior
and cognition, which typically worsen with chemotherapy treatment [1-4,12]. Foundational science studies have supported the as-
sociations among breast cancer, chemotherapy, and alterations in behavior and cognition [5-8]. However, to our knowledge, all
foundational studies, to date, have examined these associations in young adult rodents. Thus, the current study sought to examine
these neuroinflammatory effects of chemotherapy in aged tumor naive and tumor bearing mice. Additionally, due to the previous
reported effects of social enrichment on attenuating neuroinflammation and reducing tumor growth [36,38], we sought to determine
whether social enrichment may produce similar effects in aged mice.

First, we examined the neuroinflammatory effects of chemotherapy treatment in aged tumor naive mice with or without social
enrichment with aged partners. Similar to our previous studies in young adult mice [36], chemotherapy treatment in aged tumor naive
mice had a minimal effect on microglia (Fig. 1). AC therapy did not shift microglia to a pro-inflammatory (MHCII" or CD86%;
Fig. 1C-D) or anti-inflammatory phenotype (CD206; Fig. 1E) nor did chemotherapy treatment alter the secretion of pro-inflammatory
(IL-1, IL-6, TNF; Fig. 1F-H) or anti-inflammatory cytokines (IL-4 and IL-10; data not shown). Chemotherapy treatment reduced the
number of microglia as a percentage of CD11b™ cells (Fig. 1B). However, this is likely due to increased peripheral immune cell
trafficking, as opposed to a reduction in the number of microglia (Figs. 2 and 3). These data replicate our findings in young adult mice
treated with AC therapy [36]. However, these findings should not be overgeneralized to all chemotherapeutics, as previous studies
using methotrexate and paclitaxel have observed microglial activation following chemotherapy administration [39-41]. Indeed,
administration of paclitaxel (30 mg/kg, i. p.) injected in 6 doses every other day for 11 days did increase microglia secretion of IL-1, but
not IL-6 or TNF [41]. Notably, this increase was only observed 6 h after the last injection and had subsided by 24 h, suggesting a
short-term effect of microglia activation. Treatment with methotrexate (100 mg/kg i. p. weekly/3weeks) resulted in an activation of
microglia both in vivo and in vitro, with the in vivo effects lasting up to six months [39]. Future studies should assess the effects of
chemotherapeutics on microglia across multiple timepoints using alternate methods to the more traditional methods of immunohis-
tochemistry, ELISAs, and flow cytometry. It is possible that the current method may not be sufficiently sensitive to detect subtle
microglial activation; thus, alternative approaches (i.e., RNAseq) may be required to more confidently rule out microglial activation.

The majority of chemotherapeutic effects on immune cells within the brain of aged tumor naive mice were observed in peripheral
immune cells (Fig. 2A). Treatment of aged group housed tumor naive mice with AC resulted in a significant increase in immune cell
trafficking within the brain (Fig. 2A). Specifically, social enrichment in aged tumor naive mice increased the percentage of monocytes
within the brain relative to all other groups (Fig. 2B). Notably, these monocytes are primarily producing IL-1, with approximately 90 %
of monocytes being IL-17 in socially enriched mice (Fig. 2C). Although there is a lower percentage of monocytes within the brain of
singly housed chemotherapy treated mice, there is also a shift towards the majority producing IL-1, approximately 95% (Fig. 2C).
Previous studies have demonstrated increased IL-1 secretion within the brain following paclitaxel administration and have attributed
these effects to likely microglia activation [41]. Indeed, increased IL-1 within the hippocampus was observed 24 h following the last
injection. However, the authors had previously demonstrated the effects on microglia are short-term (i.e., lasting ~6 h). This suggests
that other cells likely contribute to the increased IL-1, and based on the current data, monocytes would be an ideal candidate. Mice
receiving chemotherapy treatment increased their expression of CD192, a key mediator of monocyte migration (Fig. 2F) [42]. Spe-
cifically, singly housed mice administered AC had an increased percentage of CD192" monocytes relative to both vehicle treated
groups (Fig. 2F). In addition, to being a key regulator of monocyte migration, CD192 is also a marker of classical monocytes (i.e.,
inflammatory monocytes) [43]. Thus, an increase in CD192 is not unexpected because of the significant increase in monocyte traf-
ficking in group housed mice and the vast majority of monocytes producing IL-1 independent of housing status. Interestingly, inde-
pendent of housing status, AC therapy reduced the number of monocytes producing TNF (Fig. 2E). However, the significance of
reduced TNF production by monocytes remains to be determined. Chemotherapy treatment in aged tumor naive mice had modest
effects on neutrophils (Fig. 3) As observed with monocytes, social enrichment in aged tumor naive mice increased the percentage of
neutrophils within the brain relative to singly housed chemotherapy treated mice (Fig. 3A). Additionally, independent of housing,
there were main effects of chemotherapy treatment reducing IL-1 expression and increasing IL-4 expression within neutrophils (Fig. 3B
and E). This increased expression of IL-4 by neutrophils likely reflects a shift toward resolution of inflammation [44]. From these data,
there are questions that remain and should be the subject for future investigations. First, contrary to our hypotheses, social enrichment
did not attenuate peripheral immune cell trafficking in aged mice receiving AC therapy. Indeed, social enrichment enhanced monocyte
and neutrophil trafficking; the functional significance and effects on behavior remained to be determined. Second, the source of



W.H. Walker II et al. Heliyon 10 (2024) e23366

recruitment of peripheral immune cells within the brain remains unspecified. Based on previous studies, a potential mechanism could
be activated microglia, as studies have reported transient microglial activation following chemotherapy administration. The timing of
tissue collection following the second injection of chemotherapy (i.e., seven days) could account for the absence of microglial acti-
vation in the current study.

Due to the limited translation of chemotherapy treatment alone, we next sought to examine the neuroinflammatory effects of AC
therapy in tumor bearing mice with or without social enrichment. Similar to the previous cohort and our previous experiments, social
enrichment in aged tumor bearing mice receiving AC therapy had no effect on the percentage of microglia within the brain, microglial
phenotypes, or cytokine production by microglia (Fig. 4B and Suppl. Fig. 1). Additionally, social enrichment did not alter the per-
centages of monocytes (Fig. 4C), neutrophils (Fig. 4G), or granulocytes (Fig. 4K) within the brain. However, within monocytes and
granulocytes, group housing did alter cytokine production. Specifically, the percentages of IL-67 monocytes (Fig. 4E) and IL-6"
granulocytes (Fig. 4F), were reduced by social enrichment in aged tumor bearing mice receiving AC therapy; this suggests that social
enrichment is effective in diminishing the neuroinflammatory effects in aged mice. We have observed in previous experiments that
socially isolated mice receiving AC therapy displayed increased depressive-like behavior with a concurrent increase in hippocampal IL-
6 expression, whereas, group housing attenuated AC-induced IL-6 and depressive-like behavior [36]. Chemotherapy administration to
patients increases serum IL-6 concentrations [45-47]. Increased IL-6 signaling within the serum of patients receiving chemotherapy is
frequently correlated with increased cognitive decline and alterations in behavior [45,48,49]. Additionally, our lab has previously
demonstrated that a single dose of AC therapy increases NREM sleep, REM sleep, and sleep fragmentation. All of which were positively
correlated with IL-6 expression within the hippocampus [17]. Thus, although not explicitly tested within the current study, these data
suggest that social enrichment in aged tumor bearing mice may be beneficial in attenuating chemotherapy induced behavioral deficits.
Future studies should examine the effects of social enrichment in aged tumor bearing mice on affective behavior, cognitive function,
and sleep.

Social enrichment by aged stimulus animals did not alter tumor volume (Fig. 5E) or tumor mass (Fig. 5F) among aged mice. This is
contrary to previous experiments demonstrating that social isolation increases tumor growth [38,50,51]. Most studies propose that the
alterations in tumor growth are a consequence of an increased stress response. Thus, no changes in tumor growth was consistent with
the lack of differences in measures of stress between singly and socially enriched groups (Fig. 5C and D). However, social enrichment in
young rodents increases circulating oxytocin concentrations [52] and oxytocin has both immunomodulatory properties and potential
oncostatic effects [53,54,]. Thus, the question remains why no effect was observed in tumor growth. Recent studies in aged mice
demonstrate that social enrichment with aged partners does not result in increased oxytocin secretion. Instead, social enrichment with
young partners resulted in the expected increase in oxytocin section in aged mice [55]. Thus, we next examined the neuroinflammatory
effects of AC therapy in aged tumor bearing mice with or without social enrichment with young adult partners. Similar to previous
cohorts, social enrichment with young partners significantly reduced neuroinflammation in tumor bearing mice relative to their singly
housed counterparts. Specifically, social enrichment with young partners reduced the percentage of TNF™ monocytes within the brain
(Fig. 6F). Most notably, social enrichment with young partners significantly reduced tumor volume and tumor mass at the time of
tissue collection (Fig. 7D-E), suggesting that the age of social enrichment partners plays a role in the effect of social enrichment on
tumor growth. This effect is likely mediated via increased circulating oxytocin concentrations and not a consequence of altered stress
response as measures of stress were not different between groups (Fig. 7B—C). Future studies in aged mice are needed to further
elucidate whether these effects are due to increased circulating oxytocin concentrations and determine what effect social enrichment
in aged mice with young partners is having on the tumor microenvironment.

The current study examined the neuroinflammatory effects of chemotherapy in aged, tumornaive and tumorbearing mice with or
without social enrichment using one non-metastatic cell line for tumor induction and one chemotherapeutic treatment. Future studies
should expand to include additional chemotherapeutics and tumor models. Additionally, studies should expand to include combi-
nation treatments such as anti-hormonal therapies, radiation therapies, and anti-angiogenic therapies that are often paired with
chemotherapy in the treatment of breast cancer. Furthermore, the current study assessed neuroinflammation at one time point, seven
days following the second chemotherapy injection. Although the timing of tissue collection was based on previously published data
demonstrating time-specific neuroinflammation, future studies should assess the effects of chemotherapeutics on microglia across
multiple timepoints and use converging methods, such as single-cell RNA sequencing, to determine subtle changes in microglia gene
expression. Mice underwent an ovariectomy procedure to eliminate the confound of acute ovarian failure in response to chemotherapy
administration. There is the potential for post-surgical effects of ovariectomy that was not examined in the current study. Thus,
subsequent studies should determine the potential post-surgical effects of an ovariectomy procedure. Most notably, future studies are
needed to determine the causal mechanism by which social enrichment in aged mice with young partners reduces tumor growth.

4. Conclusions

Aging is a primary risk factor for the development of breast cancer. Breast cancer patients frequently report alterations in behavior
and cognition. Foundational science studies have supported the associations among neuroinflammation, breast cancer, chemotherapy,
and alterations in behavior and cognition. However, to date, no studies have examined these associations in young adult rodents. The
current study is the first to examine the neuroinflammatory effects of chemotherapy in aged tumor naive and tumor bearing mice with
or without social enrichment. Social enrichment enhanced peripheral immune cell trafficking in aged tumor naive mice treated with
AC. However, social enrichment in aged tumor bearing mice receiving AC reduced the percentage of IL-6 " monocytes and granulocytes
relative to their singly housed counterparts, demonstrating the ability of social enrichment to attenuate some aspects of neuro-
inflammation in aged mice. There was no effect on tumor growth when social enrichment partners were also aged. Social enrichment
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with young mice, however, reduced neuroinflammation, tumor volume, and tumor mass in aged tumor bearing mice relative to their
singly housed counterparts. These data add to the literature detailing the beneficial effects of social enrichment and are the first to
demonstrate that social support with young housing partners reduces tumor growth in aged mice.

5. Methods
5.1. Mice

All experiments were approved and conducted in accordance with guidelines set by the West Virginia University Institutional
Animal Care and Use Committee. Adult Balb/C female mice were acquired from Charles River Laboratories and group housed (5 mice/
cage) in a 14:10 light-dark cycle. Mice received ad libitum access to reverse osmosis water and food (Envigo Teklad #2018). Mice were
continuously group housed and aged in house until ~20 months of age. After aging, mice underwent an ovariectomy procedure to
eliminate the confound of acute ovarian failure in response to chemotherapy administration [56,57]. Specifically, mice were anes-
thetized via 2% isoflurane and placed prone. A small midline incision (~1 cm) was made to allow for movement and visualization of
each ovarian fat pad. A 0.5 cm incision was made directly over each ovarian fat pad and the ovaries and uterine horn were withdrawn
for visualization. The ovaries were removed from the uterine horn via cauterization. The uterine horn was returned into the abdominal
cavity and the incision was closed using tissue glue. Mice were allowed one week recovery prior to any additional experimental
manipulation.

5.2. Neuroinflammatory effects of chemotherapy in aged non-tumor bearing mice

One week following the ovariectomy procedure, mice were randomly assigned groups (i.e., single or group housing and vehicle or
chemotherapy; n = 10/group). Group housing consisted of triads with one experimental mouse and two age matched, familiar,
ovariectomized female Balb/C mice. One week after housing mice received their first intravenous (IV; tail vein) injection of vehicle
(0.9% saline) or chemotherapeutic cocktail (9 mg/kg doxorubicin (A), NDC# 0069-3031-20; 90 mg/kg cyclophosphamide (C), NDC#
70121-1238-1). Two weeks later, mice received their second injection of vehicle or AC. Seven days following their second injection,
mice received an intraperitoneal injection of Euthasol (NDC# 051311-050-01) to allow for sedation. After verifying sedation via a toe
pinch, mice were transcardially perfused with ice cold 1X phosphate-buffered saline (Gibco, Cat# 10010-023) for ~2 min and
decapitated. Brains were extracted and immune cells were isolated and processed as described below. Tissue collection occurred at ~
ZT4 (i.e., 4 h after lights on). The timeline for injections, tissue collection, and dose of chemotherapeutic cocktail were based on
previous time-course data within our lab [36]. The dose of chemotherapeutic cocktail represents 50% of the weekly human equivalent
dose recommended by the National Comprehensive Cancer Network treatment guidelines for the treatment of invasive HER2-breast
cancer. The human equivalent dose was calculated using body surface area [58]. Of note, this experiment was repeated four times with
four independent cohorts of mice (n = 10/cohort). During the experiment, three mice were euthanized prior to completion of the study
(n = 2 single + chemotherapy and n = 1 single + vehicle). Additionally, one mouse was excluded prior to analysis due to a technical
failure in immune cell extractions (n = 1 single + chemotherapy).

5.3. Neuroinflammatory effects of chemotherapy in aged tumor bearing mice

Following recovery from ovariectomy procedure, mice were randomly assigned to single or group housing (triads) (n = 10/group).
Group housing was performed as described previously (i.e., two aged matched, familiar, ovariectomized female Balb/C mice). One
week following single or group housing, mice received 100 pl bilateral orthotopic injections of the non-metastatic mouse mammary
cancer cell line 67NR (1.0 x 10° cells/injection; Barbara Ann Karmanos Cancer Institute, Detroit, MI) into the 4th and 9th inguinal
mammary glands. Body mass and tumor measurements were obtained every five days. Tumor volume was calculated using the
following formula: tumor volume = (length x width 2)/2 [59]. One week after tumor implantation, mice received their first IV in-
jection of chemotherapeutic cocktail (9 mg/kg doxorubicin (A) and 90 mg/kg cyclophosphamide (C)). Two weeks later mice received
their second IV injection of AC therapy. Seven days following their second injection, a submandibular blood sample was obtained to
measure corticosterone and norepinephrine concentrations within the serum. Immediately following the blood sample, mice were
transcardially perfused as previously described. Brains were extracted and immune cells were isolated as described below. Tissue
collection occurred at ~ ZT4. This experiment was repeated twice with two independent cohorts (n = 10/cohort). Due to the limitation
on the number of aged mice, all mice received 67NR injections and AC therapy (i.e., there were no vehicle aged mice). One mouse died
prior to tumor injection (n = 1 grouped).

5.4. Neuroinflammatory effects of chemotherapy in aged tumor bearing mice with or without young adult mice social enrichment

After ovariectomy, mice were randomly assigned to single or group housing (n = 10/group). In contrast to the previous experi-
ments, group housing consisted of triads with one experimental aged mouse (>20 months) and two young adult (~8-9 weeks old),
novel, ovariectomized female Balb/C mice. The young adult mice were obtained from Charles Rivers Laboratories and allowed one
week to acclimate prior to any experimental manipulation. One week after arrival, the young adult mice underwent an ovariectomy as
previously described. Young adult mice were allowed one week recovery prior to group housing. One week following housing all
experimental mice (i.e., aged mice) received 67NR cell injections as previously described. Tumor measurements were obtained every
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five days. Seven days after 67NR cell injections, mice received their first IV injection of AC therapy and two weeks later their second IV
injection of AC therapy. Seven days following their second injection a submandibular blood sample was obtained and mice were
euthanized as previously described. Tissue collection occurred at ~ ZT4. This experiment was repeated twice with two independent
cohorts (n = 10/cohort). Due to the limitation on the number of aged mice, all mice received 67NR injections and AC therapy. Two
mice died prior to completion of the experiment (n = 2 single housed).

5.5. 67NR cell line

67NR cells were obtained from Barbara Ann Karmanos Cancer Institute (Detroit, MI). 67NR cells are a non-metastatic murine
mammary cancer cell line that was isolated from a single spontaneous Balb/cfC3H mammary tumor [60]. 67NR cells were cultured
using sterile technique in DMEM + GlutaMAX (Gibco, Cat# 10566-016) supplemented with 10 % heat-inactivated fetal bovine serum
(Cytiva, Cat# SH30070.03), 1 % antibiotic-antimycotic (Gibco, Cat# 15240-062), and 0.1 % MEM Non-Essential Amino Acids (Gibco,
Cat# 11140-050). Cells were incubated at 37 °C in a mixture of 5 % carbon dioxide and 95 % air. Once cells reached ~90 % confluence,
cell numbers were determined with a 1:1 mixture of trypan blue using an automated hemocytometer (Countess II, Life Technologies).
Cells were diluted in DMEM to make a final concentration of 1 x 10° cells per 100 pl in preparation for injection.

5.6. Corticosterone and norepinephrine ELISA

Blood samples were centrifuged at 2500 g for 25 min. The serum was removed and placed in a new tube and stored at —80 °C until
ELISA initiation. Serum corticosterone and norepinephrine concentrations were determined using commercially available kits. Spe-
cifically, serum corticosterone concentrations were determined via corticosterone ELISA according to the manufacturer’s instructions
(Arbor Assays, Cat# K014-H1W). Additionally, serum norepinephrine concentrations were measured via a norepinephrine ELISA kit
according to the manufacturer’s instructions (Abcam, Cat# ab287789). ELISAs were run simultaneously to prevent serum freeze-thaw
and both ELISAs were read using a SpectraMax iD3 plate reader (Molecular Devices).

5.7. Immune cell isolation and flow cytometry

Immune cell isolation was adapted from a previously described protocol [61]. Briefly, once brains were extracted they were placed
in 10 mL Potter-Elvehjem Tissue Grinder with PTFE Pestle (Pyrex) containing 3 ml of 0.2 % Glucose (Fisher Scientific, Cat# D16-3) in
DPBS (Gibco, Cat #14190-136) on ice. Brains were mechanically dissociated by mashing 20-25 times and avoiding bubbles. Once
mashed, the pestle was washed with 1 ml of glucose buffer and collected within the homogenizer. All the liquid within the homog-
enizer was then pipetted through a 40 pm filter (Corning, Cat # 352350) and collected in a 50 ml conical tube. Next, the 50 ml conical
tube was spun at 1000 g for 10 min at room temperature. The supernatant was removed and discarded. The cell pellet was resuspended
in 3 ml of 70 % Percoll (GE Healthcare, Cat # 17-0891-01) and placed in a clean 15 ml conical tube. 10 ml of 30 % Percoll were slowly
layered on top of the 3 ml of 70 %. After layering, the 15 ml tubes were centrifuged at 1200 g for 30 min at room temperature with no
break and no acceleration. Following the centrifugation, myelin debris on top was removed with a 5 ml pipette. Inmune cells were
then isolated from the 30/70 interface using a 5 ml pipette (~2.5 ml) and placed in a clean 15 ml conical tube. Cells were washed by
the addition of 5 ml of glucose buffer and inversion of the tube several times. The 15 ml tube was centrifuged at room temperature for
10 min. The supernatant was removed and discarded. The cell pellet was resuspended in 200 pl of PBSAz and transferred to a 96 well
U-bottom plate. Cells were pelleted by centrifuging at 1200 rpm for 5 min at 4 °C. The plate was dumped to remove the liquid and cells
were washed again in 200 pl of PBSAz. Following pelleting of the cells, 40 pl of Mouse Ig (10 pg/ml; Jackson InmunoResearch, Cat#
012-000-003) was added and cells were allowed to incubate on ice for 30 min. Following incubation, 100 pl of PBSAz was added and
the cells were pelleted via centrifugation. The plate was dumped to remove the liquid and cells were incubated with 20 pl of fluo-
rochrome labeled antibodies (0.4 pg Brilliant Violet 510 anti- CD11b, Biolegend Cat# 101263; 0.125 pg APC-eFluor anti-CD45,
Thermo Fisher Scientific Cat# 47-0451082; 0.25 pug APC anti- Ly6C, Biolegend Cat # 128016; 0.5 pg PE-Cy5 anti-Ly6G, Thermo Fisher
Scientific Cat #15-9668-82; 0.5 pg Brilliant Blue 700 anti-CD192, BD Biosciences Cat# 747965; 0.25 pg PE-Cy7 anti-CD206, Biolegend
Cat # 141720; 0.5 pg APC-R700 anti-CD86, BD Biosciences Cat# 565479; 0.25 g Brilliant Violet 711 anti-MHCII, Biolegend Cat#
107643; 0.06 pg Brilliant Violet anti-CX3CR1) on ice for 30 min in the dark. After the incubation, 100 pl of PBSAz was added and the
cells were pelleted via centrifugation. Cells were then washed 2x with 200 pl of PBSAz and resuspended in 100 pl cytofix/cyoperm
buffer (BD Biosciences, Cat# 554714). Cells were incubated at room temperature for 30 min. Cell were pelleted via centrifugation and
washed twice with 100 pl of permwash buffer. Next, the cells were resuspended in 0.4 % paraformaldehyde for 20 min, washed twice in
100 pl of brilliant stain buffer (BD Bioscience, Cat # 563794), and stored in brilliant stain buffer overnight. The next morning, the cells
were pelleted and resuspended in 100 pl of prewash for 15 min. Following pelleting of the cells, 20 pl of fluorochrome labeled an-
tibodies (0.25 pg FITC anti-IL1 beta, Biorbyt Cat# orb15831; 0.25 pg PE anti-IL-6, Biolegend 504504; 0.125 pg Brilliant Violet 785
anti-TNF alpha, Biolegend Cat # 506341; 0.4 pg Brilliant Violet 605 anti-IL4, Biolegend Cat# 504126; PE-Dazzle 594 anti-IL10,
Biolegend Cat# 505034) were added for 30 min at room temperature. 100 pl of permwash was added and the cells were pelleted
via centrifugation. Cells were then washed 2x with 100 pl of permwash and resuspended in 200 ul PBSAz for flow cytometric analysis.
Flow cytometry was performed using a 3 laser Cytek Aurora system and SpectroFlo software. No stain controls consisted of unstained
isolated brain immune cells. Single stain controls consisted of UltraComp eBeads Plus prepared according to the manufacturer’s in-
structions (Thermo Fisher Scientific, Cat # 01-3333-42). Flow data analysis was performed using FCS Express 7 software. Briefly, the
gating strategy was as follows; first, the cell population was identified by SSC-A vs FSC-A. Next, single cells were identified via FSC-A vs
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FSC-H. Next, CD11b" cells were identified and graphed vs CD45 expression. This allowed for identification of CD1 1b*CD45°Y cells
(microglia) and CD11b * CD45M8" cells (monocytes, neutrophils, and granulocytes). Cell populations were defined as follows:
Microglia CD11b * CD45°“CX3CR1*, Monocytes CD11b™ CD45M8" Ly6C* Ly6G~, Neutrophils CD11b* CD45"8" Ly6C*Ly6G™, and
Granulocytes CD11b* CD45"8" Ly6C Ly6G™.

5.8. Statistical analysis

Prior to any statistical analysis, outliers were identified and removed using the Grubbs’ test. Student’s t-tests were used to analyze
all data in tumor bearing mice (i.e., Exp. 2 and 3), with the exception of Fig. 5A (Mixed-effects analysis). A two-way ANOVA was used
to analyze all data in non-tumor bearing mice (i.e., Exp. 1). Post-hoc analysis was performed using Fisher’s LSD tests. For all mean
comparisons, p < 0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism 9.5
software.
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