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modulating hormonal balance
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SUMMARY

The pituitary gland is the central endocrine regulatory organ producing and releasing hormones that coordi-
nate major body functions. The physical location of the pituitary gland at the base of the brain, though outside
the protective blood-brain barrier, leads to an unexplored special immune environment. Using single-cell
transcriptomics, fate mapping, and imaging, we characterize pituitary-resident macrophages (pitMds),
revealing their heterogeneity and spatial specialization. Microglia-like macrophages (ml-MACs) are enriched
in the posterior pituitary, while other pitMds in the anterior pituitary exhibit close interactions with hormone-
secreting cells. Importantly, all pitMds originate from early yolk sac progenitors and maintain themselves
through self-renewal, independent of bone marrow-derived monocytes. Macrophage depletion experiments
unveil the role of macrophages in regulating intrapituitary hormonal balance through extracellular ATP-medi-
ated intercellular signaling. Altogether, these findings provide information on pituitary gland macrophages

and advance our understanding of immune-endocrine system crosstalk.

INTRODUCTION

The pituitary gland is a central endocrine organ located under-
neath the brain. Being connected to the hypothalamus via a
stalk, including blood vessels and nerves, the pituitary gland
acts as a signal mediator between the hypothalamus and periph-
eral organs. The function of the pituitary gland is to produce and
release hormones and, thus, coordinate several physiological
functions such as growth, reproduction, and stress response.’™
The pituitary gland comprises two ectodermal structures.’ The
neural ectoderm gives rise to the posterior lobe, responsible for
storing and secreting arginine vasopressin (AVP) and oxytocin
(OXT), produced by the hypothalamus.® The surface ectoderm,
forming Rathke’s pouch, gives rise to the anterior and intermedi-
ate lobes. The intermediate lobe consists of melanotrophs pro-
ducing melanocyte-stimulating hormone, while the anterior
lobe contains five specialized endocrine cell types secreting
various hormones, along with non-endocrine cells such as folli-

culostellate (FS) cells, vascular endothelial cells, and immune
cells.>*©

Macrophages are critical regulators of tissue homeostasis.”™
Tissue-resident macrophages generally originate from embry-
onic precursors (yolk sac and/or fetal liver) and are maintained
locally through self-renewal.'®"" Under homeostatic conditions,
each adult organ has its own ontogenetically and functionally
distinct macrophage pool controlling tissue-specific and niche-
specific functions.'®'?~'® Diverse roles played by macrophages
have also been described in endocrine organs.'®® Macro-
phages in pancreatic islets are vital players in metabolic inflam-
mation, underlining the development of insulin resistance.’® In
the ovaries, they play an essential role in ovarian folliculogenesis
and ovulation,?2” and in the male reproductive tract, they regu-
late vascularization and spermatogenesis.”'?%2°

In the pituitary gland, macrophages form the foremost immune
cell population.>®*' However, the origin, features, or their
relationship to pituitary gland function in homeostasis or
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pathological conditions are not understood. Herein, we con-
structed a high-density transcriptional map elucidating the intri-
cacies of pituitary gland macrophages (pitM@s) and unveiled
their developmental kinetics and distinctive characteristics,
shedding light on the nuanced dynamics of pitM@ development.
Within pitM@s, we identified microglia-like macrophages in the
posterior lobe and vascular-associated macrophages in the
anterior lobe of the pituitary gland. Furthermore, we revealed
that the pitM@s originate from the early yolk sac precursors
and relies on proliferation for self-maintenance. Macrophage
depletion revealed a role for macrophages in the homeostatic
development of the pituitary gland. By modulating extracellular
ATP availability and, consequently, calcium signaling within the
gland, depletion led to abnormal pituitary hormone levels. Alto-
gether, these findings offer new insights into the immune land-
scape of the pituitary gland, highlighting the role of macrophages
in maintaining hormonal balance.

RESULTS

At a steady state, the pituitary gland hosts
transcriptionally distinct macrophage subsets

To gain a comprehensive view of macrophage subsets that
reside within the developing homeostatic pituitary gland, we
collected the whole pituitary glands from newborn (NB) to adult
(8 weeks of age) wild-type (WT) mice, isolated CD45" leukocytes
by fluorescent-activated cell sorting (FACS) before single-cell
sequencing (scRNA-seq; Figure 1A). scRNA-seq analyses re-
vealed the complex immune environment in the developing pitu-
itary gland (Figures S1A-S1C). We further sub-clustered macro-
phage populations expressing canonical markers (Fcgri,
Adgre1, Cd68) and monocyte populations with ltgam and either
Ly6c2 or Nr4al. Low-quality and mixed-cell clusters were
excluded (Figures S1B, S1D, and S1E). The subclustering al-
lowed for a more detailed assessment of these cells and identi-
fied six macrophage and two monocyte clusters (Figure 1B).
Cluster frequencies showed dynamic progression and fluctua-
tion, with a dramatic postnatal increase in total pitMds
(Figures 1C, 1D, and S1F).

All macrophage clusters were uniformly expressing CsfTr,
Cx3cr1, and C1ga, and the majority were also highly expressing
Hexb, Tmem119, and Trem2, typical markers for microglia (Fig-
ure 1E). Core-MAC and MHC I[IP°-MAC subclusters were
predominant in all stages and exhibited similar overlapping tran-
scriptomic profiles (Figures 1D, 1F, S1F, and S1G). Core-MACs
mainly expressed common macrophage markers (e.g., Cd14,
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Cd86, and II1b; Figure 1F and Table S1), whereas MHC [17°S-
MACs showed increased expression ofimmune response activa-
tion and antigen presentation genes such as H2-Eb1, P2ry6,
H2-Ab1, and Cd74 (Figure 1F and Table S1). Interstingly, ml-
MAC macrophages were enriched in microglia signature genes
suchas Sall1, P2ry12, and Nav3**~° and expressed higher levels
of Mertk than other macrophages in the pituitary gland (Figure 1F
and Table S1). On the other hand, pBAM-MACs were expressing
a prototypical BAM signature gene such as Lyvel, Mrc1, and
Stab1'>*>*® (Figure 1F and Table S1). The abundance of
pBAM-MAC cells peaked at 1 week of age, from where it dimin-
ished toward adulthood almost entirely (Figures 1C, 1D, and
S1F). Oxt-MACs had a relatively high enrichment of genes related
to oxidative phosphorylation (e.g., Cox8a, Cox4i1, and Cox6b1;
Figure 1F and Table S1) and showed increased expression of
genes involved in ribosomal biogenesis and protein synthesis in
activated macrophages (Table S1). The small Inf-MAC cluster ap-
peared after 1 week of age and expressed genes related to
response to interferon beta and monocyte differentiation
(Figures 1C and 1F and Table S1). The proportion or total Inf-
MAC cell number did not markedly increase between juvenile
and adult animals (Figures 1D and S1F). We furthermore
observed that Core-MACs, mI-MACs, pBAM-MACs, and Inf-
MACs were also characterized by a high expression of immedi-
ate-early genes (e.g., Jun, Fos, and KIf6) encoding transcription
factors that may define transcriptionally active cells (Figure STH
and Table S1). Noteworthy was that H2-Ab71 (MHC Il) expression
increased in all the other macrophage populations except
mI-MAC as the animals aged (Figure S1l). Two clusters were en-
riched with typical monocyte markers (Figure 1F). Ly6C*'MOs ex-
pressed classical monocyte markers, such as S700a6, Ly6c2,
and Ccr2. LyBC-°"MOs showed the upregulation of Nr4a? and
Itgal, markers used to identify non-classical monocytes (Figure 1F
and Table S1).

To examine potential developmental trajectories of the mono-
cyte/macrophage subtypes, we next applied CytoTRACE®” to pre-
dict cell lineage differentiation states of clusters. Pseudotime dif-
ferentiation trajectory analysis showed that Oxt-MAC cells were
the most differentiated, while Core-MACs and the MHC 117°s-
MACs were the least differentiated. Interestingly, pPBAM-MACs
were in intermediate transitions between the differentiation stages
(Figure 1G). The directed transition matrix on a uniform manifold
approximation and projection (UMAP) representation with original
macrophage/monocyte cluster annotations further suggested that
Core-MACs and MHC 1IP°5-MAC:s likely serve as origin of pBAM-
MACs, which would eventually differentiate toward Oxt-MAC cells

Figure 1. At a steady state, the pituitary gland hosts macrophage and monocyte subsets that exhibit distinct transcriptional variability

(A) Workflow of scRNA-seq. Created with BioRender.com.
(
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less (blue) to highly differentiated (red).

B) Uniform manifold approximation and projection (UMAP) plot of mouse pitMds and monocytes colored by the cluster.

C) UMAP plots highlighting the cell embedding across timepoints. Color intensity represents cell density from low (blue) to high (red).

D) Donut charts present the cell frequency of pitM@s and monocytes in the pituitary gland.

E) Violin plots showing expression of selected genes in pitM@ and monocyte clusters.

F) Heatmap of single-cell expression of selected DEGs in pitM@ and monocyte clusters. The color indicates the expression level from low (blue) to high (red).
G) CytoTRACE-predicted transcriptional dynamics of pitM@s and monocytes on the UMAP. The color code indicates the computed cell differentiation level from

(H) Differentiation velocity field of pitM@s and monocytes on the UMAP. Arrow lines indicate putative developmental differentiation trajectories.
(I) PAGA analysis with pseudotime-directed edges of pitMds and monocytes projected on the UMAP with node connectivities (dashed) and directed transitions
(

solid/arrows).
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(Figure 1H). Interestingly, the mI-MACs appeared to be an inde-
pendent and distinct cellular state. No clear transition was evident
from the other macrophage or monocyte subpopulations to the
mI-MACs cells, and the transition matrix did not point toward any
other clusters from the mI-MAGCs (Figure 1H). Monocyte subpopu-
lations (Ly6C"'MO and Ly6C-**MO) emerged as distinct entities
outside the central trajectory and intriguingly, did not exhibit direc-
tional vectors toward the macrophage lineages (Figure 1H). Parti-
tion-based graph abstraction (PAGA)*® analysis recapitulated
the central trajectory trends and indicated pBAM-MACs as an
intermediate state, connecting Core-MACs and MHC 1175~
MACs to Oxt-MACs. Ly6CH'MO and Ly6C-°"MO populations
emerged as clear outliers, as they deviated significantly from
the central trajectory, consistent with transition matrix analyses
(Figures 1H and 11). Collectively, our data reveal the coexistence
of multiple diverse macrophage populations, which numbers
increased with age. Moreover, data analyses suggest that the
monocyte precursors may not considerably contribute to the
development of pitMJs.

Tissue growth induces modification in the phenotype of
pituitary gland macrophages
Next, we used the transcriptomic information as a base to distin-
guish macrophages using flow cytometry. Expression of CD11b,
Ly6C, and F4/80 allowed the resolution of total macrophages
(F4/80P°SLy6CN®¢; pitM@) and two monocyte subsets, present-
ing both tissue-resident and possible blood-circulating mono-
cytes (Figure 2A, and S2A-S2B for gating strategy). The cell
numbers of pitMJs increased manifold when the growth of the
pituitary gland is most significant, between the ages of P14
and 5 weeks. However, both monocyte subsets, the LyGCHiMO
(Ly6CH'CX3CR1-°"; classical monocytes) and Ly6C-°"MO
(Ly6C-°"CX3CR1: non-classical monocytes) stayed at con-
stant low cell amount and frequency levels throughout all time
points studied (Figure 2A and S2C). The pitMds, which also ex-
pressed common macrophage markers CD64 and CX3CR1,
were observed throughout various stages of development
(Figure S2D).

In line with the scRNA-seq data, we subdivided the pitMJs by
flow cytometry into the pBAM-MAC population, identified
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by CD206 expression, and the mI-MAC subpopulation, marked
by P2RY12 expression (Figures S2A and S2B). The remaining
macrophages from transcriptomic analysis (Core-MACs, MHC
[IP°S-MACs, Oxt-MACs, and Inf-MACs) could not be individually
distinguished by flow cytometry. However, at the transcriptom-
ics level, these cells could be classified based on MHC Il expres-
sion (Figure S1l). Therefore, in flow cytometry analyses, we
collectively refer to them as either MHC 1IP°-MAC or MHC
IIN®9_MAC (Figures S2A and S2B). At E17.5, the CD206-positive
pBAM-MACs formed around 35% of pitM@s, but diminished af-
ter 1 week of age in the pituitary gland (Figure 2B), as observed in
scRNA-seq data (Figure 1D and S1E). Likewise, the P2RY12-
positive mI-MACs were already present in the E17.5 pituitary
gland and remained detectable over time (Figure 2B). The
expression of MHC Il was not found during the early develop-
ment of the pituitary gland (E17.5 and NB) but increased signifi-
cantly in the postnatal pituitary gland (Figure 2B). Interestingly,
the disappearance of pBAMs and the appearance of MHC
[IP°S-MACs were evident during the same period from 1 to
2 weeks (Figures S1A-S1C). We observed that pitMJs were
scattered throughout the pituitary gland stroma, both in anterior
and posterior lobes, but, as shown previously,®'*° were not
frequent in the intermediate lobe of the pituitary gland
(Figures 2C, S2E, and S2F). At early time points (E17.5, NB,
and 1 week), many macrophages exhibited a more rounded
phenotype, whereas in the pituitaries of 2- to 8-week-old mice,
macrophages presented the typical morphology of mature
phagocytes with multiple dendrites (Figure 2D).

The colony-stimulating factor 1 receptor (CSF1R, also known
as M-CSFR or CD115) is essential for macrophage development,
differentiation, and survival.*>*" The receptor has two ligands,
colony-stimulating factor 1 (CSF1) and interleukin (IL)-34.% To
assess if CSF1 or IL-34 is required to maintain the pitM@s, we
first used IL-34-deficient mice.*® Although IL-34 was expressed
in the anterior pituitary gland (Figure S2G), the pitMds were pre-
sent at normal numbers in IL-34-deficient mice (Figure S2H). Sin-
gle injection of neutralizing antibody oCSF1 antibody (clone
5A1), or a function-blocking antibody «CSF1R (clone AFS98)
for NB mice both significantly reduced pitMds within 48 h of
treatment (Figures 2E and 2F), with equal depletion across

Figure 2. Development modifies the phenotype of CSF1R-dependent pituitary gland macrophages

(A) The cell amount of pitM@, Ly6C-°*MO, and Ly6C"'MO cells in the WT pituitary gland at indicated timepoints. The quantitative data are mean + SEM. Each dot
represents data from mice pooled together: E17.5 (n = 8-12 mice/pool), NB (n = 7-11 mice/pool), P7 (n = 4-6 mice/pool), P14 (n = 2-5 mice/pool), and from
individual mice at 5 weeks (n = 15 mice) and 8 weeks (n = 13 mice). Data from six to eight independent experiments.

(B) Frequency of pBAMSs, mI-MACs, MHC 11N®9, and MHC 117°® cells in F4/807°¢ cells in WT pituitary gland at indicated timepoints. The quantitative data are mean +
SEM. Each dot represents data from mice pooled together: E17.5 (n = 9-12 mice/pool), NB (n = 8-9 mice/pool), P7 (n = 4-6 mice/pool), P14 (n = 4-5 mice/pool),
and from individual mice at 5 weeks (n = 8 mice) and 8 weeks (n = 9 mice). Data from three to four independent experiments.

(C) Whole-mount immunofluorescence with F4/80 and endothelial marker, MECA-32, from WT pituitary gland of a 5-week-old mouse. Inserts are higher mag-
nifications from the boxed anterior lobe (AL) and posterior lobe (PL) areas. Overview image scale is 500 um and inserts, 20 um. Representative images from three
independent experiments. IL, intermediate lobe.

(D) Whole-mount immunofluorescence with F4/80 and MECA-32, from WT pituitary glands of E17.5, NB, 1-, 2-, and 8-week-old mice. Inserts are higher mag-
nifications from the boxed areas. Arrows indicate a more rounded phenotype and arrowheads indicate morphology of mature phagocytes of 2- to 8-week-old
mice. Overview image scales are 50 um and inserts, 10 um. Representative images from three or fewer independent experiments.

(E) Experimental outline for treating NB WT mice with neutralizing CSF1 antibody or control IgG at NB. The cell amount of pitM@, Ly6C-°*MO, and Ly6C™'MO cells
in the WT mouse at postnatal day (P) 2 after neutralizing CSF1 antibody or control IgG treatment. The quantitative data are mean + SEM. Each dot represents data
from mice pooled together: NB (n = 9-10 mice/pool). Data from five independent experiments.

(F) Experimental outline for treating NB WT mice with blocking CSF1R antibody or control IgG. The cell amount of pitM@, Ly6C-°*MO, and Ly6CH'MO cells in the
WT mouse at P2 after blocking CSF1R antibody or control IgG treatment. The quantitative data are mean + SEM. Each dot represents data from mice pooled
together: NB (n = 7-11 mice/pool). Data from five independent experiments.
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macrophage subpopulations (Figure S2I). However, monocyte
subsets, Ly6CH'MO and Ly6C-°"MO, were unaffected by
2CSF1 and «CSF1R antibody injections (Figures 2E and 2F).
Hence, the result confirmed that CSF1R signaling via CSF1 is
critical for the homeostasis of pitM@s.

The pituitary gland macrophages are located in distinct
spatial niches and interact with endocrine cells

We next examined whether different subpopulations of pitMds
have a specific microanatomical niche in the pituitary gland. In
the developing pituitary gland, CD2067° pBAM-MACs, which
also expressed LYVE-1, were predominantly located in the ante-
rior pituitary gland (Figures 3A, S3A, and S3B). The pBAM-MAC
cells were closely mingling with blood vessels (Figures 3A, S3A,
and S3B), which aligns with previous studies.'*"*® Similar to flow
cytometry results, only a few CD206-expressing pBAM-MACs
were found in the pituitary gland of the older animals and the
few remaining pBAM-MACs were not located in the anterior pitu-
itary gland but in the stalk area, connecting the pituitary gland to
the hypothalamus (Figure 3B). MHC 1IP°-MACs were only
detectable in the anterior pituitary gland of 2-week-old and older
mice (Figures 2B and 3C) except for a small number of MHC II-
positive cells that resemble the characteristics of macrophages
on the boundary of the intermediate lobe (Figure 3C). Notably,
the mI-MACs, positive for P2RY12 and F4/80, were solely local-
ized in the stroma of the posterior lobe (Figures 3B, 3C, S3C, and
S3D) and showed highly branched morphology similar to brain
microglia®*“> with no connection to blood vessels (Figures 3C
and S3C). We also observed in the posterior lobe more round-
shaped macrophages, with only F4/80 expression, which were
mainly detected close to blood vessels (Figure S3C).

We investigated the spatial relationship between macro-
phages and endocrine cells and observed that macrophages
were close to luteinizing hormone (LH) producing gonadotrophs,
primarily making contact with them through their protrusions
surrounding the gonadotrophs (Figure 3D). Furhermore,
macrophages were observed to be closely associated with
thyrotrophs, producing thyroid-stimulating hormone (TSH).
However, unlike the interaction with gonadotrophs, macro-
phages appeared to exhibit protrusions that connected nearby
thyrotrophs, indicating a distinct mode of interaction compared
with their association with gonadotrophs (Figures 3E and S3E).
Altogether, our findings unveil a particular spatial distribution of
phenotypically diverse macrophages within the pituitary gland
and suggest potential interactions between macrophages and
endocrine cells.
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Pituitary gland macrophages originate from early yolk
sac progenitors

The ontogeny of pitMJs has not been studied. Therefore, we
employed a combination of macrophage reporter mice to un-
ravel the origin and persistence of tissue-resident pitMJs. In
the brain, microglia and BAMs derive from yolk sac-origin
macrophage progenitors, and in homeostatic conditions, neither
of the populations is replaced by monocytes from the bone
marrow.'®>% Based on the observed similarities of pitM@s to
the brain macrophages, we crossed Cx3cr1®fR72 mice*” to
R265YFP or R26'"7T°ma° mice*® to tag the yolk sac erythro-
myeloid precursor (EMP) origin macrophages. Pregnant dams
were injected with tamoxifen (TAM) to induce irreversible re-
porter expression in the yolk sac early (TAM E7.5) or late EMPs
and their progeny (TAM E8.5 or E9.5). Consistent with a previous
report,*® analyses of the brains of E17.5 embryos, pulse-labeled
at E7.5, E8.5, or E9.5, showed high labeling of microglia in the
brain (Figures S4A-S4C).

Whole-mount analyses of the pituitary gland at E17.5 showed
tdTomato-positive macrophages from E7.5 and at E8.5 pulse la-
beling, indicating yolk sac-derived macrophages contribute to
pitM@s (Figures 4A and 4B). Notably, both pulse labeling time
points led to the distribution of tdTomato-positive macrophages
throughout the anterior and posterior regions of the pituitary
gland (Figures 4A and 4B). Furthermore, labeling initiated at
E9.5 revealed EYFP-positive cells exclusively within the pitMJs,
with both Ly6C°*MO and Ly6C"'MO avoiding the labeling
(Figures 4C and S4D). EYFP labeling was observed both in
CD2067°% (pBAM-MACs) and CD206™*¢ (including ml-MACs
and MHC 1IN®9-MAC) cells (Figure S4E).

The yolk sac-origin late EMPs not only give rise to non-mono-
cytic yolk sac macrophages*® but also migrate to the fetal liver to
generate fetal liver monocytes.50 To evaluate embryonic liver
monocyte involvement in the pitM@s, we used Ccr2CeERT2;
R26™T°mate reporter mice, which allows the tracking of the
Ly6C"" CCR2* fetal liver-derived monocytes.'®>" Pregnant
Ccr2CreERT2. pogtdTomato myice were treated with TAM at E14.5
and E16.5. As expected, fetal monocytes in blood, liver, and
lung monocyte-origin premature alveolar macrophages (pre-
AMs) were tdTomato positive (Figures 4D, S4F-J). A small frac-
tion of Ly6CH"MO cells was labeled in the pituitary gland (Fig-
ure 4D). In contrast, pitMds showed no labeling, confirming
that circulating CCR2-positive fetal liver monocytes do not
engraft in the pituitary gland (Figure 4D). To further examine
the putative yolk sac origin of the pitMds, we injected a single
dose of function-blocking «CSF1R (AFS98) antibody into

Figure 3. The pituitary gland macrophages are located in unique spatial niches and have close interaction with hormone-secreting cells
(A) Whole-mount immunofluorescence with F4/80, CD206, and MECA-32 from WT pituitary glands at E17.5. Inserts are higher magnifications from the boxed
anterior lobe (AL) area. Arrows indicate F4/80°°CD206N9 cells and arrowheads F4/80°°SCD206"°S. Overview image scale is 100 um and inserts, 10 pm.
Representative images from three independent experiments.

(B) Whole-mount immunofluorescence with P2RY12, CD206, and MECA-32 from WT pituitary glands at NB and 5 weeks of age. Inserts are higher magnifications
from the boxed posterior lobe (PL) area. Overview image scales are 100 um and inserts, 10 um. Representative images from three independent experiments.
(C) Whole-mount immunofluorescence with P2RY12, MHC II, and MECA-32 from WT pituitary gland of 5 weeks of age. Inserts are higher magnifications from the
boxed PL area (I) and the boxed AL area (Il). Overview image scale is 100 um and insert,10 um. Representative images from three independent experiments.
(D) Whole-mount immunofluorescence with F4/80, LH, and MECA-32 from WT pituitary gland of 5 weeks of age. Inserts are higher magnifications from the boxed
AL areas. For overview image, the scale is 100 um and for inserts, 10 um. Representative images from three independent experiments.

(E) Whole-mount immunofluorescence with F4/80, TSH, and MECA-32 from WT pituitary gland of 8 weeks of age. Inserts are higher magnifications from the
boxed AL area. For overview image, the scale is 100 um and for inserts, 10 um. Representative images from three independent experiments.
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pregnant WT dams at E6.5 to selectively ablate yolk sac-origin
macrophages from the developing embryos. The analyses of
E17.5 pituitary glands verified the significant depletion of pitMJs
while monocytes remained at the usual level (Figure 4E). Alto-
gether, data show that pitMQs originate from yolk sac EMP de-
scendants, similar to brain microglia and BAMs.

The pituitary gland macrophages are maintained with
self-renewing without an input of bone marrow-derived
monocytes

Tissue-resident macrophages are maintained in tissues by local
self-proliferation or monocyte recruitment from blood circula-
tion.">°>°% Whole-mount immunostainings with anti-Ki67 and
anti-F4/80 antibodies revealed that proliferating cells were scat-
tered in both the anterior and posterior areas of the pituitary
gland (Figures 5A and S5A), showing that pitMJs can undergo
in situ proliferation. However, in many adult tissues, embry-
onic-derived tissue-resident macrophages are entirely or
partially replenished by bone marrow monocytes recruited
from the blood circulation.®*° Therefore, we next sought to
determine the replenishment of embryonic origin cells and
the contribution of adult bone marrow-derived monocytes
in the pituitary gland by using Ms4a3¢ERT2; RogtdTomato fata.
mapping mice,® which allows distinguishing between embryon-
ically seeded (tdTomatoN®9) and adult monocyte-derived
(tdTomato™%) macrophages. At 4 weeks of age, Ms4a3°ER"2;
R26™T°mate mice were given intraperitoneal (i.p.) TAM injection
for 5 consecutive days. We analyzed the pituitary gland and
blood after 4 days from the last injection (Figure 5B). As antici-
pated, blood monocytes were efficiently tagged (Figures S5B
and S5C). However, within the pituitary gland, tdTomato positiv-
ity was exclusively observed in the monocyte populations while
the pitM@s exhibited no tdTomato positivity (Figure 5C).

As an alternative approach to investigate the replenishment or
self-maintenance of embryonic-derived pitMds through local
proliferation in adult mice, we used the Cx3cr1C®ERT2; RogEYFP
model. At the age of 4 weeks, Cx3cr1°eER72: Ro6EYFP gnimals
underwent a regimen of TAM administration for 5 consecutive
days to ensure a robust and irreversible induction of EYFP in
all CX3CR1-positive cells (Figure 5D). Over time, cells devel-
oping from blood monocytes after TAM withdrawal are no longer
labeled, while long-lived or self-renewing cells will remain EYFP-
positive. Five days after the last TAM dose, blood monocytes
were EYFP™ before being replaced by EYFP~ monocytes during
the 7 weeks of recovery time (Figure 5E).*”>” CX3CR1* micro-
glia, which do not undergo replenishment by blood monocytes,
retained a high level of EYFP expression even after a 7-week re-
covery period (Figures S5D and S5E). In the pituitary gland,
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5 days post-TAM injections, 65.8% + 3% of pitMds were
EYFP positive (Figure 5E). Remarkably, even after 7 weeks of re-
covery, the labeling of pitM@s consistently maintained EYFP
positivity, indicating that these macrophages were locally main-
tained through proliferation (Figure 5E). Further supporting this
notion, a single TAM pulse administered at E16.5 resulted in
the persistence of EYFP-tagged macrophages at 7 and 14 weeks
of age (Figure S5F) and macrophage counts in CCR2-deficient
mice, which have severely reduced blood monocyte levels,>®
were unchanged in the pituitary gland (Figure S5G).

To study whether bone marrow-derived monocytes infiltrate
the pituitary gland in pathophysiological conditions, we stimu-
lated acute inflammation by i.p. lipopolysaccharide (LPS) injec-
tion to adult WT mice. Interestingly, the infection caused an
accumulation in pitM@s but did not increase monocyte numbers
within the pituitary gland (Figure 5F), despite a significant incre-
ment in serum interleukin (IL)-6 levels 24 h after LPS injection
(Figure S5H). To exclude the possibility that the elevated macro-
phage numbers after LPS treatment were due to rapid monocyte
turnover into macrophages, we repeated the experiment with
Ms4a3°ERT2; RogtdTomate mjce (Figures S51 and S5J). While
we observed an increased number of pitMds after LPS injection
(Figure S5I), tdTomato-positive cells were exclusively present in
the monocyte populations, and no labeling was detected in the
pitM@s (Figure S5J). Altogether, these results support the
local proliferation of pitMJs and indicate that, even during sys-
temic inflammation, bone marrow-derived monocytes do not
contribute to the increase of pitMJs.

Pituitary gland adenomas present the most common disease
affecting the pituitary gland.”® To investigate their impact
on pitMJs, we used heterozygous retinoblastoma-deficient
(Rb*'~) mice, known to develop pituitary adenomas with 100%
penetrance in older age.®®®" The Rb*'~ mice were crossed
with Cx3cr1€ER™2: Ro6EYFP mice. At 7 months, Rb*~;
Cx3cr1CeERT2: RO6EYFP mice were treated with TAM for 5 days
and analyzed after 8-week recovery (at 9 months; Figure 5G).
Interestingly, despite adenoma, total pitM@ and monocyte
numbers did not increase (Figures S5K and S5L). Notably, pit-
M@s remained EYFP-positive long after TAM treatment (Fig-
ure 5H). In summary, these findings indicate that pitMds are
self-maintained without input from bone marrow-derived circu-
lating monocytes in adult animals, even in pituitary gland
disorders.

Early macrophages function in maintaining hormonal
equilibrium within the pituitary gland

We next addressed the functional importance of pitM@s and ab-
lated them with function-blocking «CSF1R antibody. The first

(C) Experimental outline and frequencies of EYFP expression in pitM@, Ly6C-**MO, and Ly6C*"MO populations of E9.5 TAM-labeled Cx3cr1CERT2Ro6EYFP
pituitary glands at E17.5. The quantitative data are mean + SEM. Each dot represents data from mice pooled together: E17.5 (n = 9-11 mice/pool). Data from four

independent experiments.

(D) Experimental outline and frequencies of tdTomato expression in pitM@, Ly6C-°"MO, Ly6CH'MO, lung monocytes (Lung MO), and pre-alveolar macrophages
(preAMs) of E14.5 and E16.5 TAM-labeled Ccr2CreERT2Rog!dTomato mjce at E17.5. The quantitative data are mean + SEM. Each dot represents data from mice
pooled together (pitM@, Ly6C-**MO, Ly6C"'MO, n = 8-10 mice/pool) or individual mice (Lung MO, preAMs, n = 19). Data from four independent experiments.
(E) Experimental outline for treating pregnant dams with blocking CSF1R antibody or control IgG at E6.5. The cell amount of E17.5 pitM@, Ly6C-°*MO, and
LyGCHiMO cells in the WT mouse pituitary gland after blocking CSF1R antibody or control IgG treatment. The quantitative data are mean + SEM. Each dot
represents data from mice pooled together (n = 8-11 mice/pool). Data from three independent experiments.
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injection was given at E6.5 to block the early seeding of macro-
phages in the pituitary gland. After birth, an «CSF1R antibody
was given every second week (four times in total), and tissues
were collected 1 week after the last injection (at the age of
5 weeks; Figure 6A). The depletion of macrophages did not yield
a noteworthy difference in weight gain between the control and
aCSF1R-treated mice (control 17.81 + 0.45 g vs. 16.47 +
0.77 g; n = 11-16) or major histological changes in the pituitary
gland (Figure S6A). However, the treatment effectively reduced
the number of pitMds (Figure S6B) while the numbers of brain
microglia in «CSF1R-treated mice were comparable to those in
the control group (Figure S6C). Immunohistochemical analysis
did not reveal apparent disparities in the proportions of endo-
crine cell populations in the macrophage-depleted pituitaries
(Figures 6B and S6D-S6F). However, we noted a reduced inten-
sity of LH and TSH staining in macrophage-depleted pituitaries
compared with controls (Figures 6B and S6E), while the intensity
of prolactin (PRL) staining remained unchanged (Figure S6F).
Additionally, the spatial organization of LH-producing gonado-
trophs appeared disorganized in macrophage-depleted pitui-
taries (Figure 6B).

We observed comparable intrapituitary levels of adrenocorti-
cotropic hormone (ACTH), growth hormone (GH), and follicle-
stimulating hormone (FSH) between the treated and control
mice (Figure 6C). TSH and PRL levels were reduced in the
treated group, although the changes were not statistically signif-
icant (Figure 6C). In contrast, intrapituitary LH levels showed a
slight but significant reduction in the treated group (Figure 6C).
Noteworthy is that the depletion of pitMOJs reduced significantly
only LH but not FSH levels within the pituitary gland, although
both are secreted by gonadotrophs.® We then restricted macro-
phage depletion to the embryonic developmental stage.
Remarkably, administering the anti-CSF1R antibody once at
E6.5 also resulted in a similar trend of reduced intrapituitary hor-
mone levels at 4 weeks of age (Figure S7A). LH is secreted from
the pituitary gland into the bloodstream, targeting tissues like the
testes. We measured serum hormone levels to assess the
impact of reduced intrapituitary LH due to macrophage deple-
tion. However, the decrease in intrapituitary LH was insufficient
to significantly lower serum LH, which exhibited only a mild,
non-significant trend toward reduction (Figure S7B) and no
morphological changes were observed in the testis histology
(Figure S7C).
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Hypothalamus-released gonadotropin-releasing hormone
(GnRH) regulates LH and FSH production in the pituitary gland
by stimulating the upregulation and binding the GnRH receptor
(GnRHR) on gonadotrophs. Although FSH levels were not
affected, we analyzed the Gnrhr expression in macrophage-
depleted pituitaries to rule out the possibility that reduced intra-
pituitary LH levels were due to impaired GnRH signaling. Despite
the reduction in LH, Gnrhr expression remained intact (Fig-
ure S7D), indicating that GnRH signaling was unaffected. Collec-
tively, these findings suggest that tissue-resident macrophages
play a role in the intricate regulation of hormonal balance within
the pituitary gland.

We performed bulk RNA sequencing (bulk RNA-seq) of whole
pituitary glands of the anti-CSF1R and control-treated WT mice.
Principal-component analysis revealed a difference between
anti-CSF1R and control-treated pituitary glands (Figure S7E),
having 1,438 differentially expressed genes (DEGs; Table S2).
Most of the DEGs (74%; fold change >1.6 adjusted p value
<0.1) were downregulated in macrophage-depleted pituitary
glands compared with the controls. Among the downregulated
genes, a substantial number were core macrophage signature
genes, including Fcgril, Adgrel, Mrc1, H2-Aa, and Csf1r
(Table S2). Within the top DEGs, we identified several genes
associated with hormone production in the anterior pituitary
that exhibited upregulation in macrophage-depleted pituitary
glands (Figures 6D and 6E and Table S2). These include the
genes encoding pituitary hormone prolactin (Prl), thyrotropin-
releasing hormone receptor (Trhr), follicle-stimulating hormone
beta subunit (Fshb), and an orphan G-protein coupled receptor
(Gpr101), which is involved in the growth of the pituitary gland
and stimulus of GH.®? Moreover, the expression of several tran-
scription factors, including GATA-binding factor 2 (Gata2),
crucial for gonadotroph and thyrotroph differentiation,®® early
growth response 1 (Egr-1), acting as a transcriptional mediator
for GnRH-induced signals activating the LHB gene,®* and Ho-
meobox Protein (Oxt7) implicated in the juvenile stage control
of GH, FSH, and LH hormone levels,®® was enhanced in animals
with depleted macrophages (Figure 6E and Table S2).

Elevation of cytosolic calcium (Ca®*) concentration through
extracellular Ca* influx is an essential trigger for hormone secre-
tion and release in pituitary endocrine cells.®®*” Many genes,
such as Kcnj1 and Cacng3, related to extracellular Ca?* influx,
were altered in macrophage-depleted pituitary (Figure 6E and

Figure 5. Early yolk sac-derived pituitary gland macrophages self-maintain until late adulthood by proliferation

(A) Whole-mount immunofluorescence with F4/80, proliferation marker Ki67, and MECA-32 from WT pituitary glands of 1-week-old mice. Inserts are higher
magnifications from the boxed AL area (I-1l) and the boxed PL area (llI-IV). Arrows indicate F4/807°°KI677°¢ cells. Overview image scales are 100 um and inserts,
10 um. Representative images from three independent experiments.

(B and C) Experimental outline, representative histograms, and frequency of tdTomato™s cells in pitM@, Ly6C-°*MO, and Ly6C"'MO cells in the
Ms4a3CreERT2RpgtdTomate mq s pituitary gland at 5 weeks of age (4-day recovery). The quantitative data are mean + SEM. Each dot represents data from in-
dividual mice (n = 13). Data from four independent experiments.

(D and E) Experimental outline, representative histograms, and frequency of EYFPP® cells in pitM@s and blood monocytes in the Cx3cr1 ERT2R26EYFP mouse
pituitary gland at 5 weeks of age (5-day recovery) and 12 weeks of age (7-week recovery). The quantitative data are mean + SEM. Each dot represents data from
individual mice (n = 8). Data from three independent experiments.

(F) Cell amount of pitM@, Ly6C-°"MO, and Ly6CH'MO cells in the WT mouse pituitary gland at 10 weeks of age after LPS injection (i.p.) and 24-h recovery. The
quantitative data are mean + SEM. Each dot represents data from individual mice (n = 5). Data from three independent experiments.

(G and H) Experimental outline, cell amount, and frequency of EYFP™°® cells in pitM@, Ly6C-°*MO, and Ly6CH'MO in the Cx3cr1°ERT2R265YFP:Rb "+ mouse
pituitary gland at 9 months of age. The quantitative data are mean + SEM. Each dot represents data from individual mice (n = 4-10). Data from three independent
experiments.
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Table S2). Interestingly, the expression of Trpc5 (short transient
receptor potential channel 5) and Kcng3 (potassium voltage-
gated channel subfamily Q member 3), key regulators of
membrane depolarization and intracellular Ca®* increase in go-
nadotrophs under GnRH stimulation, was upregulated in macro-
phage-depleted pituitary glands. Notably, P2rx5 (purinergic
receptor P2X, ligand-gated ion channel, 5), which is primarily
activated by extracellular adenosine triphosphate (ATP) and
mainly found in LH and TSH cells in the anterior pituitary,®®
was downregulated (Figure 6E and Table S2).

In gene set enrichment analysis (GSEA), anti-CSF1R-treated
pituitary glands showed significant downregulation of immuno-
logical functions such as T cell activation and positive regulation
of cytokine production (Figure 6F). Conversely, the upregulated
biological pathways were linked to hormonal regulation, encom-
passing cellular responses to steroids, steroid hormone-medi-
ated signaling pathways, regulation of intracellular steroid hor-
mone receptor signaling pathways, and endocrine system
development (Figure 6F). Among the top-regulated biological
pathways were also many related to ion transport (Figure 6F).
To ensure the consistency of the bioinformatic analysis, we per-
formed reactome annotations and ingenuity pathway analysis
(IPA) on the DEGs (Figure S7F and Table S3), which showed
similar results to those obtained from GSEA.

Notably, we identified a subset of pitM@s expressing GNRHR,
indicating their potential capability to respond to GnRH stimula-
tion (Figure 6G). We isolated the total pitMds and gonadotrophs
(live/CD45 /GNRHR") from the adult WT male mice and cultured
in vitro the gonadotrophs and pitMJs either independently or in
co-culture. Following an overnight incubation, we measured
extracellular ATP from the culture medium. Our findings revealed
that pitMJs secrete low levels of extracellular ATP under basal
conditions, increasing upon stimulation with 10 pM GnRH (Fig-
ure S7G). Co-culturing gonadotrophs with pitMds resulted in
higher basal ATP levels than gonadotrophs alone (Figure S7H).
Furthermore, when gonadotrophs were stimulated with GnRH
and ATP, LH levels were significantly enhanced (Figure 6H).
We then cultured gonadotrophs or gonadotrophs and pitMds
in co-cultures. After 1- or 2-day incubation, cells were treated
with 10 uM GnRH for 3 h before collecting medium for LH mea-
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surements. Notably, after 24 h of co-culture, LH release was
higher in the presence of pitMds, with a more pronounced in-
crease after 48 h (Figure 6l). Collectively, our data indicate that
the depletion of macrophages in the pituitary gland disrupts
the balance of hormone production, highlighting a previously un-
recognized role of tissue-resident macrophages in maintaining
pituitary gland homeostasis.

DISCUSSION

Although macrophages have been reported in the pituitary
gland,?®-3931:39.69 most of these studies have lacked sufficient
resolution to profile the pituitary gland macrophage compart-
ment comprehensively. In this study, we employed a combina-
tion of approaches to highlight the presence of transcriptionally
and spatially variable resident macrophage subsets within the pi-
tuitary gland, showing dynamic phenotypic changes from
neonatal to adulthood. Our results unveiled a distinct contrast
in the transcriptional profiles of macrophage subpopulations be-
tween the anterior and posterior lobes and highlighted a notable
divergence in their molecular characteristics. In the posterior pi-
tuitary lobe, which serves as a neuroendocrine interface, we
identified a homogeneous mI-MAC macrophage subset that ex-
hibited transcriptional and morphological similarities to microglia
in the central nervous system (CNS).**~%° This similarity is likely
attributed to the embryological and anatomical continuity be-
tween the posterior pituitary and hypothalamus. In contrast,
the anterior pituitary gland, which functions as a hormone-pro-
ducing organ, exhibited greater transcriptional, kinetic, and
spatial heterogeneity among pitM@s than previously recog-
nized.*>%%7% Fate-mapping analyses revealed that pitM@s
originate solely from early yolk sac precursors and persists
throughout the lifespan by local proliferation, even in pathophys-
iological conditions. Moreover, our findings demonstrated that
depleting pitM@s has profound consequences on the hormonal
balance of the pituitary gland.

The initial wave of embryonic macrophages originates from
early yolk sac myeloid precursors around E7.0. Following the
establishment of the bloodstream around E9.5, primitive macro-
phages migrate into the developing tissues, and in the brain, they

Figure 6. The presence of early macrophages plays a crucial role in maintaining hormonal equilibrium within the postnatal pituitary gland
(A) Experimental outline for treating WT mice with blocking CSF1R antibody or control IgG at E6.5, P2, P14, and 4 weeks of age.

(B) Frozen section immunofluorescence staining with anti-LHB and nuclear marker DAPI from the pituitary gland of 5-week-old WT mice after treatment with
blocking CSF1R antibody or control IgG at E6.5, P2, P14, and 4 weeks of age. Inserts are higher magnifications from the boxed AL areas. Overview image scale
500 um and inserts, 20 pm. Representative images from three independent experiments.

(C) Intrapituitary hormone measurements for LH, FSH, TSH, PRL, ACTH, and GH from the pituitary gland of 5-week-old WT mice after treatment with
blocking CSF1R antibody or control IgG at E6.5, P2, P14, and 4 weeks of age. The quantitative data are mean + SEM. Each dot represents data from individual
mice (n = 4-8). Data from four (LH) and three (others) independent experiments.

(D and E) Volcano plot (E) and heatmap (F) of the DEGs between the pituitary glands of 5-week-old WT mice after treatment with blocking CSF1R antibody or
control IgG at E6.5, P2, P14, and 4 weeks of age. Data from individual mice (n = 4).

(F) GSEA analyses (GO Biological processes) of the bulk RNA-seq data. Gene sets ranked according to their normalized enrichment scores (NES).

(G) Representative histogram for GNRHR (blue) shown with secondary Donkey Anti-Rabbit IgG AF647 control (dark gray), Fluorescence Minus One (FMO) control
(light gray), and frequency of GNRHR positive cells in pitM@s in the pituitary gland of adult WT mice. The quantitative data are mean + SEM. Each dot represents
data from individual mice (n = 6). Data from three independent experiments.

(H) LH measurements from in vitro experiments of gonadotroph (GNRHRP®) cells after 3 h stimulated with GnRH or GnRH together with ATP. The quantitative
data are mean + SEM. Each dot represents data from mice pooled together (n = 8-18 mice/pool). Data from three independent experiments.

() LH measurements from in vitro experiments of gonadotrophs or gonadotrophs and pitMs in co-cultures after stimulation with GnRH on 24-h or 48-h in-
cubation time. The quantitative data are mean + SEM. Each dot represents data from mice pooled together (n = 8-12 mice/pool). Data from three independent
experiments.

Cell Reports 44, 115227, February 25, 2025 13



¢ CellPress

OPEN ACCESS

undergo differentiation to form microglia.*®>° In other tissues,
early yolk sac macrophages are predominantly substituted in
the later stages of development by monocyte-derived macro-
phages originating from the fetal liver.”" Post-birth, over time,
embryonic-derived macrophages are either entirely or partially
displaced by CCR2-dependent Ly6CH monocyte-derived mac-
rophages.®®’? However, microglial cells stand out as distinctive
exceptions among tissue-resident macrophages. In a state of
homeostasis, these cells retain their yolk sac origin throughout
adulthood.”® Using advanced genetic lineage tracing, we
show that, similarly to microglia,®*¢*6"*" both posterior or
anterior pitMJs originate from primitive yolk sac-derived macro-
phages and are not displaced by fetal liver monocyte-derived
macrophages, although the pituitary gland is outside the
blood-brain-barrier. Moreover, we found that renewal of the
adult pituitary gland macrophage compartment during steady
state does not necessitate any contribution from bone marrow
monocytes.

In a few tissues, such as the skin,”® lung alveolar space,
and brain,*® only minor or no monocytes are observed under
physiological conditions. However, in various disease states,
including those affecting the brain, bone marrow-derived mono-
cytes can infiltrate these tissues and differentiate into macro-
phages.”” In the brain, BAMs have proven to be renewed through
monocyte recruitment in adulthood and aging.*®’” Interestingly,
despite the small and steady amount of monocytes in the pitui-
tary and sustained macrophage depletion, monocyte-derived
cells did not contribute to replenishing the empty macrophage
niche in the pituitary gland. While microglial cells demonstrated
re-population during the 2-week recovery period following
each antibody injection, pitMds did not undergo replenishment
within the same time frame. It has been shown that the number
of macrophages increases in the pituitary gland 6-24 h after
LPS injection and returns to normal levels 48 h after.”® We
observed the accumulation of pitMds at 24 h when mice were
subjected to acute LPS-induced inflammation, but even then,
monocyte influx into the pituitary gland was not observed. The
outcome was unexpected, as it has been shown that systemic
exposure to LPS induces the migration of inflammatory mono-
cytes throughout various tissues, including the brain.”® Tumor-
derived factors have been shown to attract circulating CCR2-ex-
pressing inflammatory monocytes into the tumor environment,
where they differentiate into macrophages.®®®' Mice heterozy-
gous for the retinoblastoma gene (Rb) develop ACTH-producing
aggressive tumors arising from the intermediate lobe of the pitu-
itary with high incidence from ages 2 to 11 months.®®¢" Our
studies reveal that tumor development in retinoblastoma-defi-
cient mice did not increase the overall numbers of pitMJs
or monocytes. Moreover, results from Rb*'~; Cx3cr1°eEhT2;
R265""" mice showed that, in agreement with the cell fate
data, pitM@s showed no contribution from monocytes even
with increasing age. Hence, our findings strongly suggest that
pitMds are maintained independently of bone marrow-derived
monocytes, and even under pathophysiological conditions,
increasing monocyte infiltration is not evident in the pituitary
gland. However, it remains a possibility that prolonged LPS
treatment or different types of pituitary tumors could result in
increased monocyte migration within the pituitary gland.
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Our research indicates that prolonged macrophage depletion
disrupts the delicate networks of LH-producing gonadotrophs,
reducing intrapituitary LH levels. During pituitary gland develop-
ment, secretory cells form organized three-dimensional network
structures that play a functional role in integrating, amplifying,
and transmitting signals.®®>%* Qur findings reveal that macro-
phages are positioned near gonadotrophs within the spatial
microenvironment, suggesting that they shape localized micro-
environments that facilitate cellular communication. One
component of this paracrine signaling can be extracellular
ATP/ADP, which is crucial in mediating crosstalk between neigh-
boring cells in many tissues.®*"*>"* In gonadotrophs, extracel-
lular ATP has been shown to enhance GnRH-induced Ca®*
signaling by activating the ligand-gated P2X receptor channels
(P2XRs), leading to an increase in cytosolic Ca®* levels.®¢7+%°
Notably, a reduction of extracellular Ca?* has been shown to
cause a prompt decline in LH production.?®®° However, the
physiological sources of extracellular ATP responsible for acti-
vating purinergic receptors in the pituitary gland are not yet fully
understood. Our in vitro experiments demonstrated that similar
to macrophages in other tissues,’®? pituitary gland macro-
phages can release ATP into the extracellular space, and this
release was further enhanced upon GnRH stimulation. There-
fore, macrophage depletion within the pituitary gland potentially
disrupts calcium homeostasis by decreasing the availability of
extracellular ATP in the local microenvironment, affecting the
signaling dynamics between the cells similar to the “purinergic
microglia-neuron junctions” phenomenon recently discovered
in the mouse brain.®*°* In vitro co-culture experiments of macro-
phages and gonadotrophs revealed that LH production
increased significantly within just 1 day of co-culture. However,
extending the culture period led to substantial rise in LH levels.
The kinetical increase in LH production supports the idea that
the spatial organization of these cells is critical for their interac-
tion. The outstanding challenge now for the future is to define
the intercellular communication between macrophages and
different hormone-producing cells in the delicate in vivo 3D envi-
ronment of the pituitary gland.

Tissue-specific depletion of macrophages is still limited, and
models like P2ry12°ER% or Sall1°*ER 32 which can be used to
increase specificity for microglia depletion in the brain, are not
currently available for the anterior pituitary. Therefore, we em-
ployed antibody-based approach to deplete macrophages
within the pituitary gland. Given the known limitation of «CSF1R
in causing systemic macrophage depletion,® our strategy was
specifically designed to preserve brain-resident macrophages,
thereby avoiding interference with hypothalamic regulation of
the pituitary gland and broader neuroendocrine functions.
However, the limitation of this approach was its inability to
achieve complete macrophage depletion within the pituitary,
as approximately 17% of macrophages remained in tissue,
which may account for only partial effects on intrapituitary and
serum hormonal levels observed in our model. In the future, it
will be valuable to investigate the outcomes of complete macro-
phage depletion in the pituitary gland to understand its full
impact on the system.

In summary, we provide a transcriptomic characterization of
pitM@s, highlighting their diverse features. The pituitary gland
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contains spatially distinct macrophages: mI-MACs with micro-
glia-like genes in the posterior lobe and other pitMds in the ante-
rior lobe closely interacting with hormone-secreting cells. All
pitM@s originate from yolk sac progenitors and self-renew inde-
pendently of bone marrow-derived monocytes. These findings
underscore the significance of pitM@s in regulating hormone
production and intercellular communication. However, further
research into the specific mechanisms by which macrophages
exert these effects will provide valuable insights into pituitary
physiology and may uncover potential therapeutic targets for
hormone-related disorders.

Limitations of the study

In bulk RNA seq, the anterior and posterior pituitary regions were
not distinguished and observed gene expression changes likely
reflect both regions. Validation should be done using spatial
transcriptomics or protein-level analyses. Advanced models
are needed to explore macrophage interactions with hormonal
cells in the pituitary and to study long-term hormonal effects after
macrophage depletion. Current models do not allow for studying
the 3D networks of hormone-secreting cells or selective manip-
ulation of specific pituitary cell types.
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Anti-mouse rabbit LHb (AFP-C697071P) A.F. Parlow National Hormone N/A

and Peptide Program
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and Peptide Program

Anti-mouse rabbit PRL (AFP-879151) A.F. Parlow National Hormone N/A

and Peptide Program
InVivoMADb anti-mouse CSF1 (5A1) Bio X Cell Cat# BE0204; RRID: AB_10950309
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InVivoMab rat IgG2a isotype control (2A3) Bio X Cell Cat# BE0089; RRID: AB_1107769

Rabbit anti-GNRHR Polyclonal antibody
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Cross-Adsorbed Secondary Antibody,
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Invitrogen
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DMSO (Dimethyl sulfoxide)

DNase |

DPX Mountant for histology
Dulbecco’s Phosphate Buffered Saline
Dulbecco’s Modified Eagle Medium F12
Dulbecco’s Modified Eagle Medium
Eosin Solution, 0.1%

Ethanol

Fetal calf serum

Fixable Viability Dye eFluor 780
Formalin solution, neutral buffered, 10%
GlutaMAX™ Supplement

Hank’s Balanced Salt Solution

Lipopolysaccharides from
Escherichia coli 055:B5

LHRH acetate salt

Mayer's Hematoxylin Solution
Methanol, Certified AR for Analysis
Normal mouse serum

Normal goat serum

OCT Compound

Paraformaldehyde solution 4% in PBS
Percoll

Penicillin-Streptomycin 100x
Progesterone

ProLong™ Gold Antifade Mountant
without DAPI

ThermoFisher Scientific
Merck

Sigma-Aldrich
Honeywell
Sigma-Aldrich

BioWest

Roche
Invitrogen

Sigma-Aldrich
Roche
Sigma-Aldrich
Sigma-Aldrich
Gibco

Gibco
Reagena

Altia Industrial
Biowest
eBioscience
Sigma-Aldrich
Gibco
Sigma-Aldrich
Sigma-Aldrich

BACHEM

Sigma-Aldrich

Fisher Chemical

Jackson ImmunoResearch
Jackson ImmunoResearch
Tissue-Tek

Santa Cruz Biotechnology
Cytiva

Euroclone

Sigma-Aldrich

Thermo Fisher Scientific

Cat# B49

Cat# 1.00014.2500
Cat# A2383-1G
Cat# 402834-100ML
Cat# B6630-250ML
Cat# P615 -100GR

Cat# 11088866001
Cat# D1306

Cat# D4540-100ML
Cat# 10104159001
Cati# 06522

Cat# D8537-500ML
Cat# 11320033-500ML
Cat# 31053028-500ML
Cat# 180072

N/A

Cat#: S181B-500

Cat# 65-0865-14

cat# HT501128

Cat#: 35050061

Cat# RNBF2378

Cat# L4524-5MG

Cat# 4033013-25MG
Cat# MHS16-500ML
Cat# M/4000/PC17
Cat# 015-000-120
Cat# 055-000-121
Cat# 4583

Cat# sc-281692
Cat# GE17-0891-02
Cat# ECB3001D
Cat# P0130-25G
Cat# P36930
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Proteinase K Macherey-Nagel Cat# 740396
Standard Agarose-Type LE BioNordika Cat# BN-50004
Tamoxifen Sigma-Aldrich Cat# T5648-1G
Triton X-100 Sigma-Aldrich Cat# T8787
UltraComp eBeads eBioscience Cat# 01-2222-42
Xylene VWR Chemicals Cat# 28973.363
Critical commercial assays

Alexa Fluor 647 protein Labeling kit Invitrogen Cat# A20173
ATPIlite 1step Luminescence Assay Kit Revvity Cat# 6016941
B-Gal Staining Kit Invitrogen Cat# K1465-01

Chromium Single Cell 3’ Library and Gel
Bead Kit v2

Mix2Seq kit
MyTaq Extract-PCR kit

MILLIPLEX MAP Mouse Pituitary Magnetic
Bead Panel - Endocrine Multiplex Assay

Mouse IL-6 Uncoated ELISA
MyTaq HS Red Mix 2x
NucleoSpin DNA Rapid Lyse
NucleoSpin Tissue

10X Genomics

Eurofins
Bioline
Millipore

Invitrogen
Bioline
Macherey-Nagel
Macherey-Nagel

Cat# 120237

N/A
Cat# BIO-21117
Cat# MPTMAG-49K

Cat# 88-7064
Cat# BIO-25048
Cat# 740100.250
Cat# 740952.50

RNeasy Plus Micro Kit Qiagen Cat# 74034
SensiFast™ cDNA Synthesis Kit Bioline Cat# BIO-65053
Deposited data

ScRNA-seq raw and analyzed data This paper GEO: GSE284051
Bulk RNA-seq raw and analyzed data This paper GEO: GSE284384

Experimental models: Organisms/strains

Mouse: C57BL/6NRj (6N)

Mouse: B6.129S4-Ccr2™"c/y (Ccra—'-)
Mouse: B6.129P2(C)-Cx3cr1"m1(Cre/ERT2Mng

Mouse: B6.Cg-Gt(ROSA)
26Sortm14(CAG-tdTomato)Hze/J

Mouse: B6.129X1-Gt(ROSA)
26Sor'™!EYFPICos) j (ROGR-EYFP)

Janvier Labs

The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory

https://janvier-labs.com/en/fiche_produit/
c57bl-6nrj_mouse/; RRID:IMSR_RJ:
C57BL-6NRJ

Stock# 004999; RRID: IMSR_JAX:004999

Stock# 020940
RRID: IMSR_JAX:02094

Stock# 007914; RRID: IMSR_JAX:007914

Stock# 006148; RRID: IMSR_JAX:006148

Mouse: C57BL/6NTac-Ccr2tm2982 Prof. Burkhard Becher N/A

(T2A-Cre7ESR1-T2A-mKate2)BB (University of Zurich)

Mouse: B6-1134tm1.ec/bb (lI34LacZ) Prof. Burkhard Becher N/A
(University of Zurich)

Mouse: Ms4a3tm1(cre/ERT2)Smoc Prof. Florent Ginhoux N/A
(INSERM)

Mouse: Rb1tm1Tyj (B6.129S2-Rb1tm1Tyj) Prof. Jorma Torppari N/A
(University of Turku)

Oligonucleotides

qPCR primer sequences, see Method This paper N/A

details for mMRNA expression by
quantitative real-time PCR
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Software and algorithms

BioRender lllustration design tool BioRender https://www.biorender.com/;
RRID:SCR_018361

CaseViewer 3D Histech https://www.3dhistech.com/caseviewer;

CorelDRAW Graphics Suite X7 (64-bit), v16

BD FACSChorus™ Software 5.1.

BD FACSDiVa™ software version 8

FlowdJo, version 10

GraphPad Prism, v10.1.2

ImageJ, v1.51j8

Office (Word, Excel) Microsoft
Python, ver. 3.10

R, R Development Core Team
R Studio

Corel Corporation

BD Biosciences

BD Biosciences

FlowdJo, Treestar Inc

GraphPad Software

National Institutes of Health

Microsoft
Python Software Foundation

RRID:SCR_01765

https://www.coreldraw.com/en/;
RRID: SCR_014235

https://www.bdbiosciences.com/
en-us/products/software/
instrument-software/bd-
facschorus-software

http://www.bdbiosciences.com/
us/instruments/clinical/software/
flow-cytometry-acquisition/
bd-facsdiva-software/m/
333333/overview
https://www.flowjo.com/;

RRID: SCR_008520
https://www.graphpad.com/
scientific-software/prism/;
RRID: SCR_002798
https://imagej.net/ImageJ;
RRID: SCR_003070
https://www.microsoft.com
https://www.python.org/
https://www.r-project.org/

https://www.rstudio.com/

Other

35 mm Dish, No. 1.5 Coverslip, 14 mm Glass
Diameter, Uncoated

35 mm Dish, No. 1.5 Coverslip, 7 mm Glass
Diameter, Uncoated

SuperFrost Plus Adhesion slides
Microscope Slides

Glass Square Coverslips 22 mm x 22 mm, No. 1
Cover glass 24 mm x 60 mm, No. 1.5

MatTek Life Sciences

MatTek Life Sciences

Epredia

Fisherbrand
Menzel-Glaser from VWR

Cat# P35G-1.5-14-C

Cat# P35G-1.5-7-C

Cat# J1800AMNZ

Cat# 12333128
Cat# 630-2108

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Multiple genetic mouse models were used in this study: Ccr2~/~ (stock 004999), R265YFF (stock 006148), R26'77°™3%° (stock 007914),
and Cx3cr1°°ERT2 (stock 020940) were purchased from Jackson Laboratories. CCR2°®ER72 and IL.34'*° mice were kindly provided
by Prof. Dr. Burkhard Becker, Ms4a3°"*F™2 mice were kindly provided by Prof. Florent Ginhoux, and Rb71""™ mice were kindly pro-
vided by Prof. Jorma Toppari. Wild-type (WT) mice, C57BL/6N, were acquired from Janvier labs. Experiments with 1-week and older
were performed only with male mice. In embryonic and NB timepoints the whole litter was pooled for pituitary gland samples. All
experimental mice were kept in specific pathogen-free conditions and under controlled environmental conditions at a temperature
of 21°C + 3°C, humidity 55% + 15%, and 12/12 h light cycle at the Central Animal Laboratory of the University of Turku (Turku,
Finland). Mice had food and water ad libitum. Animal experiments were conducted under the revision and approval of the Regional
Animal Experiment Board in Finland, according to the 3R principle, and under Animal license numbers 6211/04.10.07/2017 and
14685/2020. All experiments were regulated according to the Finnish Act on Animal Experimentation (497/2013). Embryonic devel-
opment was estimated considering the day of a vaginal plug as embryonic day 0.5 (E0.5).
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Primary cell culture

Pituitary glands from 8-week-old WT male mice were collected, and cells were isolated according to the single-cell isolation protocol
described below. The pituitaries from 8 to 18 mice were pooled in all experiments. Pituitary macrophages and gonadotrophs (live/
CD45/GNRHR*) were sorted in Dulbecco’s Modified Eagle Medium (DMEM) with 10% Fetal Calf Serum (FCS) using BD
FACSDiscover S8 Cell Sorter (100-um nozzle, Becton Dickinson). The purity of the isolated populations was >95%. Sorted cells
were seeded 96-well plates (5000-6000 cells/well of macrophages or gonadotrophs alone and 10,000 to 12,000 cells/well in co-cul-
tures) in Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F12 (DMEM/F12) medium with 10% fetal calf serum, 1 X GlutaMAX,
100 IU/mL penicillin and 100 pg/mL streptomycin. All cells were cultured at 37°C in a humidified atmosphere containing 5% CO2, and
experiments were performed after 24 h or 48 h of culture.

METHOD DETAILS
In all experiments, the pituitary gland and other samples were collected between 8 a.m. and 9:30 a.m.

Single-cell isolation

The pregnant females were euthanized by carbon dioxide (CO,) asphyxiation followed by cervical dislocation. Embryos were
dissected from the uterus and euthanized through decapitation. Newborn and 7-day-old pups were euthanized by decapitation.
From 2 weeks of age onwards, euthanasia was carried out using CO2 asphyxiation followed by cervical dislocation or cardiac punc-
ture. For the scRNA sequencing, 3- and 8-week-old male mice were sacrificed with CO,, the chest cavity was opened by two para-
sternal incisions, and the perfusion was started immediately. The perfusion was done through the left ventricle using a peristaltic
pump (Harvard peristaltic Pump P-230, Harvard apparatus) with a constant pressure of 5 mL/min for 3 min with cold PBS. The right
atrium was opened for the outflow. The skull was carefully opened, and the brain was removed to expose the pituitary gland, which
was then collected as a whole. For scRNA sequencing and flow cytometry, whole pituitaries or separate posterior and anterior pitu-
itaries were mechanically lysed by suspending and digested with 50 pg/mL DNase 1 (Roche) and 1 mg/mL Collagenase D (Roche) in
Hank’s Buffered Saline (HBSS; Sigma-Aldrich) at 37°C for 30-45 min. The cell suspension was filtered through silk (pore size 77 um),
pelleted (1006G, 1.5 min), and washed with 500 uL of HBSS to remove enzymes. Finally, cells were eluted to Phosphate Buffered
Saline (PBS; Sigma-Aldrich) before labeling for cell sorting or analyzing flow cytometry.

Blood from mouse embryos to 1 week of age mice was collected by bleeding the body to heparin-PBS (50 uL of 100 IU/mL heparin
in 500 pL of PBS). From 2 weeks of age onwards, blood was drawn by cardiac puncture into heparinized syringes, and erythrocytes
were lysed from the blood as described.®”

Brain, liver, and lungs were carefully dissected, minced with scissors, and digested with 50 pg/mL Dnase 1 and 1 mg/ml Collage-
nase D in HBSS at 37°C (20 min for brain and 60 min for liver and lung) and then passed through a 70-um cell strainer. The brain cells
were then resuspended in isotonic Percoll (Sigma-Aldrich), and the microglia were isolated as described.*® Finally, cells were eluted
to PBS before labeling for flow cytometry.

ScRNA sequencing and data analysis

Single-cell suspensions derived from WT pituitary glands at NB, 1, 3, and 8 weeks of age were stained with Fixable Viability Dye
eFluor 780 (eBioscience) to label the dead cells (Pooled samples of NB n = 31, 1 week n = 15, 3 weeks n = 25 and 8 week n = 21
animals). Unspecific binding to low-affinity Fc-receptors was blocked by incubating the cells with unconjugated CD16/32 antibody
(BioXCell, clone 2.4G2). Cells were subsequently stained for 30 min at 4°C with antibodies diluted to the FACS buffer. The cells were
sorted with Sony SH800 Cell Sorter (Sony Biotechnology Inc.). Single cells were gated with the FSC-H versus FCS-W plot and the
SSC-H versus SSC-W plot to avoid doublets and dead cells were excluded. Live single CD45" cells were sorted into the RPMI me-
dium containing 2% FCS.

Freshly sorted CD45* were processed immediately according to 10X Genomics guidelines (CG000126_Guidelines for Optimal
Sample Prep Flow Chart RevA). Single-cell RNA-sequencing libraries were prepared according to the manufacturer’s instructions
(CG00052 RevB) using Chromium Single Cell 3’ Library and Gel Bead Kit v2 (10X Genomics, 120237) and Chromium Single Cell A
Chip Kit (10X Genomics). Prepared libraries were sequenced using the lllumina Novaseq6000 Sequencing System (RRID:
SCR_016387). The library preparation was executed at the Single Cell Omics core, and the sequencing was conducted at the Finnish
Functional Genomics Center, both housed within Turku Bioscience Center, Finland.

The Cell Ranger (ver. 7.1.0) "count" function was used to align samples to the mm10-2020-A reference genome, quantify reads,
and filter reads and barcodes. Spliced/unspliced counts for RNA velocity estimation were calculated with the Python implementation
of Velocyto (ver. 0.17.17, SCR_018167°%). Data analysis and displays were generated using the scanpy (ver. 1.9.8, SCR_018139%),
scVelo (ver. 0.3.1, SCR_018168'%%), CellRank (ver. dev2.0.2, SCR_022827'°"), and Python (ver. 3.10, SCR_008394) toolboxes.

For quality control, low-quality cells were filtered out in each sample by the number of expressed unique genes and percentage of
mitochondrial genes (max.: 8%). Genes with less than 20 shared spliced/unspliced counts and genes expressed by fewer than 3 cells
were removed. Counts per cell were normalized as total counts over all genes (target sum: 10°4) and were log1p transformed. Prin-
cipal components (PCA) were calculated and used for sample integration with harmony (ver. 0.0.6'%%). For the complete dataset, the
neighborhood graph (nearest neighbors: 50), Uniform Manifold Approximation and Projection (UMAP; SCR_018217'%%; min.
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distance: 0.5, neg. edge sample rate: 8), and Leiden clustering (ver. 0.9.1'%%;
settings.

Clusters containing monocytes and macrophages were selected by marker gene expression, and neighborhood graph (nearest
neighbors: 50), UMAP (min. distance: 0.7, neg. edge sample rate: 12), and Leiden clustering (resolution: 0.75) were re-computed.
Transcriptional dynamics were re-constructed using scVelo’s generalized dynamical model, and CellRank’s CytoTRACE Kernel
(threshold scheme: soft) was used to derive a pseudotime ordering of cells based on cellular plasticity estimation. Differential expres-
sion genes were computed with sci-tools’s (ver. 1.0.4) single cell Variational Inference (scVI; layer: counts, categorical covariates:
batch, continuous covariate: pct_counts_mt) model'® and the differential_expression function (mode: "change’, delta: 0.25, fdr_
target: 0.05;'%°).

resolution: 1.8) were computed with the indicated

In utero and adult tamoxifen administration

Cx3cr1€°ERT2 and CCR2CERT2 mice were crossed with R265Y7F or R2617°™a1° rgporter mice to study embryonic-derived macro-
phages. To study bone marrow-derived macrophages, Ms4a3°"*7"2 mice were crossed with the R267°™3° rgporter strain. For
in utero tamoxifen induction of CRE activity, a single dose of tamoxifen (1.5 mg/dam, mended with 0.75 mg progesterone;
Sigma-Aldrich) was administered i.p. to pregnant females on indicated pregnancy days. For adult tamoxifen induction,
Cx3cr1CERT2: Ro6EYFP or Ms4a3CmERT2: Rosa@To™mat° mice were administered i.p. 5 consecutive days of tamoxifen (75 mg tamox-
ifen/kg). This induction scheme leads to selective labeling of CX3CR1 positive macrophages and monocytes or bone marrow-derived
monocytes.

Flow cytometry

Cells were stained with Fixable Viability Dye eFluor 780 (eBioscience) to label the dead cells. Unspecific binding to low-affinity Fc-
receptors was blocked by incubating the cells with unconjugated CD16/32 antibody (BioXCell, clone 2.4G2). Cells were subsequently
stained for 30 min at 4°C with antibodies diluted to the FACS buffer, washed, and fixed with 1% formaldehyde in PBS. Samples were
acquired with LSRFortessa flow cytometer with FACSDiVaTM version 9.0 software (Becton Dickinson), and data were analyzed using
FlowJo v10.8 Software (BD Life Sciences).

Immunofluorescence staining and confocal microscopy

For whole-mount stainings, pituitary glands were collected from male mice at 17.5, newborn, 1 week, 2 weeks, 5 weeks, and 8 weeks
of age. Pituitaries were dissected attached to the skull to prevent the gland from breaking. Samples were prepared for whole-mount
staining by fixing them in 2% paraformaldehyde (PFA, Santa Cruz Biotechnology) in PBS for 20 min on ice. Samples were washed in
PBS (3 x 10 min) shaking. The pituitaries were dissected from the skull between the second and third wash. Whole-mount samples
were dehydrated in a graded methanol series and stored at —20°C. Samples were rehydrated through ascending series of methanol
and finally placed into PBS. In brief, samples were blocked [1% normal goat serum (NGS) + 0.5% fetal calf serum (FCS) + 1% bovine
serum albumin (BSA) + 0.4% Triton X-100 in PBS] and then sequentially incubated with primary unconjugated antibodies, secondary
antibodies and directly conjugated antibodies diluted in blocking solution. Finally, the samples were dehydrated with increasing
methanol series and subsequently optically cleared in glass-bottom microwell dishes first with 50% benzyl alcohol (Honeywell)
1:2 benzyl benzoate (BABB; Sigma-Aldrich) in methanol and then with 100% BABB, which was also used as a mounting medium.

For immunofluorescence stainings, pituitaries were embedded in OCT medium (Tissue-Tek), freezed on dry ice, and stored at
—80°C prior to cryosectioning. Pituitaries were cut into 5-7-pm-thick sections and fixed with ice-cold acetone for 5 min. Before stain-
ing, samples were post-fixed in 2% PFA for 15 min at room temperature (RT) and rinsed in PBS. Samples were blocked for 1 hat RT in
a humidity chamber in a blocking buffer (1% FCS, 1% NMS, and 5% NGS in 0.3% Triton X-PBS). Primary antibodies used for LHB
(1:1000, anti-mouse rabbit, Parlow), TSH (1:1000, Parlow), or PRL (1:1000, Parlow) were diluted in blocking solution and applied to
sections overnight at 4°C. Sections were then washed 2 times 3 min in 0.1% TritonX-PBS. After washes, a fluorescent secondary
antibody was added for 60 min at RT, followed by washes in 0.1% TritonX-PBS for 3 times 5 min and a rinse in PBS. Sections
were counterstained with DAPI (1:5000 in PBS, 25 pL per section) and incubated for 10 min in a humidity chamber at RT. Sections
were rinsed in PBS and MQ water. Finally, slides were mounted with the Mounting Prolong Gold antifade without DAPI (ThermoFisher
Scientific).

Imaging was performed using an LSM880 confocal microscope (Zeiss) with an Axio Observer.Z1 microscope using ZEN 2.3 SP1
black edition acquisition software at RT. The objectives used were a Zeiss Plan-Apochromat 10%/0.45 without immersion, Zeiss
Plan-Apochromat 20x/0.8 without immersion, Zeiss LD LCI Plan-Apochromat 25x/0.8 with glycerol immersion, and Zeiss LD LCI
Plan-Apochromat 40x/1.2 with water immersion. Background subtractions, linear brightness and contrast adjustments were per-
formed with ImagedJ software (National Institute of Health).

X-gal staining

For X-gal staining, 5-week-old male mice were sacrificed with CO,, the chest cavity was opened by two parasternal incisions, and the
perfusion was started immediately. Mice were perfused first with 10 mL of PBS and then with 10 mL of 2% PFA in PBS. The right
atrium was opened for the outflow. After collection, the pituitaries were fixed in 2% formaldehyde and 0.2% in PBS solution for
15 min. After fixation, the pituitary glands were embedded into OCT blocks and frozen at —80°C. Pituitaries were cut into 6 um
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sections with cryotome and fixed in acetone for 5 min. Staining was done with a $-gal staining kit (Invitrogen), according to the man-
ufacturer’s instructions, with the X-gal dissolved in DMSO (Sigma-Aldrich). Exceptions were that slides were washed 3 times with
PBS after fixation, and after staining, washing was done with 1 x PBS and water. Slides were dehydrated with 96% ethanol for
30 s. Counterstaining was done with 0.1% eosin solution (180072, Reagena) for 3 min, after which slides were dehydrated in ethanol
and xylene series. Mounting was done with DPX mountant for histology (Sigma-Aldrich). Slides were imaged with Pannoramic P1000
(3DHISTECH) and analyzed with Pannoramic Viewer (Version 1.15.4, 3DHISTECH).

LPS treatment

A single injection of Lipopolysaccharides (LPS) from Escherichia coli (055:B5; Merck; 20 ug) was given i.p. for adult 8-10 weeks old
WT or 9-10 weeks old Ms4a3°eERT2: pogtdTomato male mice. Control mice were injected with the same volume of PBS. The pituitary
glands were analyzed by flow cytometry 24 h later. For treatment control, blood was collected from the treated mice by cardiac punc-
ture, and serum was separated by centrifugation. IL-6 was analyzed from blood serums by sandwich enzyme-linked immunosorbent
assay (ELISA; Thermo Fisher Scientific) according to the manufacturer’s instructions.

Antibody treatment experiments

To specifically target yolk sac-derived macrophages in the offspring, pregnant C57BL/6N females at embryonic day 6.5 (E6.5) were
treated with a single intraperitoneal (i.p.) injection of a function-blocking antibody against CSF1R (AFS98; Bio X Cell) or received rat
IgG2a control antibody (clone 2A3; Bio X Cell). Each injection consisted of 3 mg of the respective antibody dissolved in sterile PBS.
The pituitary glands, testis, and brains were collected at E17.5 for flow cytometric analyses.

A single injection of neutralizing CSF1 antibody (5A1; Bio X Cell; 150 ng), preventing the binding to CSF1R, or a function-blocking
antibody to CSF1R (150 pg) was given i.p. for newborn mice. Control mice were injected with control IgG (HRPN; Bio X Cell; 150 pg) or
rat IgG2a control antibody (2A3; Bio X Cell; 150 ng). The pituitary glands were analyzed by flow cytometry 48 h later. The brain was
used as treatment control tissue.

To address the functional importance of macrophages for normal pituitary gland function, we ablated the pre-existing tissue-resi-
dent macrophages with CSF1R and gave the first injection during embryo development at E6.5. In a long depletion experiment,
CSF1R was additionally given on postnatal day (P) 2, P14, and 4 weeks of age (4 times in total). The pituitary glands and brains
were collected at 5 weeks of age.

Histological analyses

Pituitary glands were dissected attached to the skull and fixed with 10% Formalin (Sigma-Aldrich) at RT overnight. After fixing, pitu-
itary glands were dehydrated through graded ethanol (EtOH) series at RT. 5 um thick sections were cut and stained with Mayers he-
matoxylin (Sigma-Aldrich) and eosin (Reagena). Slides were mounted with DPX mountant for histology (Sigma-Aldrich), imaged with
Pannoramic P1000 (3DHISTECH), and analyzed with Pannoramic Viewer (Version 1.15.4, 3DHISTECH,).

Bulk RNA sequencing and data analysis

To determine the gene expression signature of macrophage-depleted pituitaries, we performed bulk RNA-seq from the total RNA of
the pituitary glands collected after long CSF1R antibody treatment (see protocol above). RNA was isolated with RNeasy Plus Micro
Kit (Qiagen) according to the manufacturer’s protocol and analyzed on Advanced Analytical Fragment Analyzer for quality assess-
ment. The sequencing run was performed using lllumina NovaSeq 6000 SP v1.5 (650-800 M reads/run, 2 lanes; lllumina) in the
Finnish Functional Genome Center (Turku Bioscience Center, Finland). The quality of the sequenced reads was investigated. The
reads were aligned to the mouse reference genome (GRCm38 release 94) using HISAT2 v2.0.5."°” The novel gene assembly was
predicted using StringTie v1.3.3b"® using the mapping information from all the samples and the novel gene annotation was per-
formed using Pfam, Swissprot, Go, and KEGG. The number of uniquely mapped reads associated with each gene was counted using
the featureCounts v1.5.0-p3"%° tool using Ensembl annotations. The downstream analysis of gene counts was performed using
R v4.1.2""% and corresponding Bioconductor v3.14.""" The lowly expressed genes were filtered out by using filterByExpr in edgeR
package.''? To tackle the issue of batch effects, we corrected the gene counts using ComBat_seq function''® in the SVA R pack-
age''* which is specially designed for RNA-seq data. It corrects for the batch effect by fitting a negative binomial regression model.
The batch-corrected counts were normalized for library size and statistically tested using the DESeq2 package.''® The genes were
considered differentially expressed if their adjusted p value, estimated using the Benjamini-Hochberg test was equal to or lower than
0.1 and absolute fold change was greater than or equal to 2 between the group comparison between IgG2a and CSF1R. Gene set
enrichment analyses (GSEA) were performed using the GSEA v 4.3.3 (Broad Institute, Cambridge, MA) with the M5; GO: BP (contain-
ing 7796 gene sets) and M2; CP; REACTOME (containing 1261 gene sets) collections from the molecular signature database (https://
www.gsea-msigdb.org/gsea/msigdb/index.jsp). Analysis was performed in January 2024, with a significant p value < 0.05 and a false
discovery rate (FDR) < 0.25." %78 |n addition, ingenuity pathway analysis (IPA) was performed using IPA software (Qiagen, CA, USA).
IPA analysis was performed using DE genes with a significant p value < 0.05 and fold change >1.6.
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Hormone measurements

Concentrations of ACTH, LH, FSH, GH, TSH, and PRL, or LH alone were analyzed from homogenized pituitary glands, serum sam-
ples or culture medium in a single run on a Luminex 200 platform using a MILLIPLEX MAP Mouse Pituitary Magnetic Bead Panel (Milli-
pore) according to the manufacturer’s instructions. For the intrapituitary hormone measurements, pituitaries were dissected in the
morning and homogenized in 500 pL phosphate-buffered saline (PBS). For serum hormone measurements, blood was collected
from the mice in the morning by cardiac puncture, and serum was separated by centrifugation. For medium samples, cell culture
medium was collected from in vitro experiments of sorted gonadotrophs and gonadotroph-pitM@ co-cultures. Intra- and inter-assay
coefficients of variation (CV) were lower than 12.4%. The lowest detection limits for intrapituitary ACTH, LH, FSH, GH, TSH, and PRL
measurements were 1.7, 4.9, 9.5, 1.7, 1.9, and 46.2 pg/mL, respectively.

mRNA expression by quantitative real-time PCR

Tissues were snap-frozen with liquid nitrogen, and total RNA was extracted. DNAse treatment was carried out with RNeasy Plus
Micro/Mini Kit (Qiagen) following the manufacturer’s instructions. RNA samples were dissolved in water, and after the quality check,
RNA was used for cDNA synthesis using a SensiFast cDNA synthesis kit (Bioline). gPCR reactions were performed with TagMan Uni-
versal Master Mix Il (Applied Biosystems). Gene expression was quantified by QuantStudio 3 or 12K Flex Real-Time PCR Systems
(Thermo Fisher Scientific). The mMRNA expression of Gnrhr was normalized to the expression of Actb, and the expression of mMRNA
was quantified using the Pfaffl method.''® The sequences of the primers used for Gnrhr were 5'-TGCTCGGCCATCAACAACA-3’ and
5'-GGCAGTAGAGAGTAGGAAAAGGA-3, and for Actb, 5-CGTGGGCCGCCCTAGGCACCA-3 and 5-TTGGCCTTAGGGTT
CAGGGGG-3'. The expression of Gnrhr was analyzed in the pituitary glands of CSF1R- and IgG control-treated mice (n = 4).

In vitro ATP measurements

After the one-day culture, the medium was changed to fresh DMEM/10% FCS only. To avoid undesirable ATP hydrolysis by serum-
soluble nucleotidases, FCS was additionally heat-inactivated for 5 min at 60°C. The cells were allowed to rest for 30 min at 37°C. After
a resting period, 100 pL aliquot of the medium was carefully collected from the top of the wells for basal extracellular ATP measure-
ments. Extracellular ATP was measured also after stimulation with 10 uM GnRH (LHRH, Bachem) for 3h. ATP concentration was
determined using bioluminescent enzyme-coupled assay '2° with ATPlite 1step Luminescence Assay Kit (Revvity). All measurements
were performed using the Tecan Infinite M200 microplate reader (Salzburg, Austria). Calibration curves were generated for each
experiment.

In vitro LH determination

After 24 h or 48 h of culture, the medium was replaced with fresh DMEM containing 10% FCS without antibiotics. To stimulate LH
production and secretion, some wells were supplemented with 10 uM GnRH (LHRH, Bachem). In certain experiments, a combination
of 10 uM GnRH and 1 uM ATP was added. The cells were then incubated at 37°C for 3 h. After the incubation period, the medium was
collected and centrifuged at 3000 rpm to remove cell debris. The resulting supernatant was stored at —20°C until the LH concentra-
tion was analyzed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

Adult mice were assigned to experimental groups without employing specific randomization methods, as comparisons involved mice
with varying genetic backgrounds. The researchers conducted the experimental procedure while blinded to the genotype of the em-
bryos. Statistical analyses were conducted using GraphPad Prism software version v10.1.2 (GraphPad Software Inc). All data are
presented as mean values + SEM. Comparisons between the time points, genotypes, or treatment groups were made using the
nonparametric two-tailed Mann-Whitney test, parametric two-tailed t test, and one-way ANOVA test with Bonferroni post-hoc
test. P-values lower than 0.05 were considered statistically significant. The value of each n can be found in the Figure legends.
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