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Myeloid cells such as monocytes and monocyte-derived macro-
phages promote tumor progression. Recent reports suggest that
extramedullary hematopoiesis sustains a sizable reservoir of tumor-
infiltrating monocytes in the spleen. However, the influence of
the spleen on tumor development and the extent to which spleen
monocytes populate the tumor relative to bone marrow (BM)
monocytes remain controversial. Here, we used mice expressing
the photoconvertible protein Kikume Green-Red to track the
redistribution of monocytes from the BM and spleen, and mice
expressing fluorescent ubiquitination-based cell-cycle indicator
proteins to monitor active hematopoiesis in these tissues. In mice
bearing late-stage tumors, the BM, besides being the major site of
monocyte production, supplied the expansion of the spleen reser-
voir, replacing 9% of spleen monocytes every hour. Deployment
of monocytes was equally rapid from the BM and the spleen.
However, BM monocytes were younger than those in the spleen
and were 2.7 times more likely to migrate into the tumor from the
circulation. Partly as a result of this intrinsic difference in migration
potential, spleen monocytes made only a minor contribution to
the tumor-infiltrating monocyte population. At least 27% of tumor
monocytes had traveled from the BM in the last 24 h, compared
with only 2% from the spleen. These observations highlight the
importance of the BM as the primary hematopoietic tissue and
monocyte reservoir in tumor-bearing mice, despite the changes that
occur in the spleen monocyte reservoir during tumor development.
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Myeloid cells such as monocytes infiltrate almost all solid
tumors (1). The presence of tumor-associated macro-

phages, which are derived directly from monocytes, correlates
with poor prognosis (2, 3). These cells influence tumor pro-
gression through direct interactions with tumor cells, by modu-
lating adaptive immune responses to the tumor, and by creating
conditions that support angiogenesis, invasion, and metastasis (4–6).
Understanding the origins and characteristics of tumor-infiltrating
myeloid cells may lead to novel approaches to cancer therapy.
In healthy adult humans and mice, all myeloid cell formation

occurs in the bone marrow (BM) (7). However, in certain disease
states, organs such as the liver and spleen become sites of
extramedullary hematopoiesis (8, 9). In tumor-bearing mice
myeloid cells accumulate in the spleen (10–12), making this or-
gan a candidate source of tumor-infiltrating cells. Recent reports
propose that a rapidly mobilized reservoir of monocytes in the
spleen contributes significant numbers of infiltrating cells in
acute and chronic inflammatory conditions including myocardial
infarction (13–15), stroke (14), atherosclerosis (15), and cancer
(16, 17). In cancer, extramedullary hematopoiesis in the spleen
is suggested to sustain a continuous supply of monocytes to the
tumor (16, 17). These reports challenge the classical view of the
BM as the primary site of monocyte production and supply (18).

Current approaches to measuring tissue origin and migration
include BrdU labeling, adoptive transfer, tissue transplantation,
and parabiosis experiments. However, it has remained difficult to
assess accurately the relative contributions of different pools of
myeloid cells to the tumor-infiltrating monocyte population (16).
In the present study, we developed methods using mice

expressing the photoconvertible protein Kikume Green-Red
(KikGR) (19, 20) or fluorescent ubiquitination-based cell cycle
indicator (Fucci) proteins (21, 22), which enabled us to compare
the BM and spleen monocyte pools directly in terms of supply
and production. We demonstrate that spleen-pool monocytes make
only a minor contribution to the tumor-infiltrating monocyte pop-
ulation, partly because BM-pool monocytes have an intrinsic mi-
gration advantage over their spleen-pool counterparts.

Results
Spleen Monocyte Cellularity Increases Only in Late-Stage Tumor
Development. To characterize the relationship between tumor
growth and the expansion of the spleen monocyte pool in tumor-
bearing mice, we inoculated Lewis lung carcinoma (3LL) tumor cells
s.c. into the flanks of wild-type mice. This syngeneic transplant
model yields reproducible nodular tumor growth in immuno-
competent hosts with minimal metastasis, facilitating quantitative

Significance

Solid tumors contain large numbers of immune cells, including
monocytes and monocyte-derived macrophages that promote
tumor progression. During tumor development, monocytes ac-
cumulate in the spleen. However, the influence of spleen cells
on tumor growth remains controversial. Here, we used novel
methods for tracking intertissue migration and monitoring
hematopoiesis to show that during tumor development the
bone marrow dramatically accelerates production of mono-
cytes, rapidly transferring many of these newly formed cells to
a reservoir in the spleen. However, these spleen monocytes are
less able than their bone marrow counterparts to enter the
tumor and make only a minor contribution to the tumor-
infiltrating monocyte population. These findings clarify the
roles of the spleen and bone marrow in cancer development.

Author contributions: F.H.W.S., S.U., M.T., and K.M. designed research; F.H.W.S., S.U., S.S.K.,
S.S., T.T., and M.K.-K. performed research; M.T. contributed new reagents/analytic
tools; F.H.W.S., S.U., and M.O. analyzed data; and F.H.W.S., S.U., M.O., S.S.K., S.S., T.T.,
M.K.-K., J.A., M.T., J.Z., and K.M. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. F.G. is a guest editor invited by the Editorial
Board.

Freely available online through the PNAS open access option.
1To whom correspondence should be addressed. E-mail: koujim@m.u-tokyo.ac.jp.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1402914111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1402914111 PNAS | May 27, 2014 | vol. 111 | no. 21 | 7771–7776

IM
M
U
N
O
LO

G
Y

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1402914111&domain=pdf&date_stamp=2014-05-15
mailto:koujim@m.u-tokyo.ac.jp
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402914111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402914111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1402914111


analysis of tumor tissue and infiltrating immune cells. Palpable solid
tumors developed after 7 d with a dramatic increase in tumor growth
after 28 d (Fig. S1 A and B) that coincided with increases in spleen
weight (Fig. S1C), spleen monocyte cellularity (Fig. S1D), and blood
monocyte numbers (Fig. S1E). We focused on the Ly6Chi

“in-
flammatory” monocyte subset because these cells make up the
majority of the tumor-infiltrating monocyte population (23). The
number of monocytes in the tumor peaked at day 21 (Fig. S1F), at
the same time that a transient decrease in BM monocytes was ob-
served (Fig. S1D). These data show that expansion of the spleen
monocyte pool occurs only in late-stage tumor development,
prompting us to focus on day-35 tumors in subsequent experiments.

Tumor-Infiltrating Monocytes Are Supplied Primarily from the BM
Pool. To determine the contribution of the spleen to the tu-
mor-infiltrating monocyte population, we used day-35 tumor-
bearing BM chimeras in which myeloid cells expressed the green-
to-red irreversibly photoconvertible protein KikGR (hereafter,
“KikGR mice”) (19, 20). By adapting previously developed
methods that involve surgically irradiating selected tissues with
violet light (24–27), we were able to timestamp monocytes
present in the left femur (for monocytes of BM origin) or spleen
and then track their redistribution throughout the body over
a 24-h period using flow cytometry (Fig. 1 A and B). The pro-
cedure resulted in photoconversion of 25–40% of monocytes in
either pool (Fig. 1B and Fig. S2C) without affecting cell viability
or migration potential (Fig. S3 A and C). KikGR-Red (KikRed)
protein levels remained stable for the duration of the experi-
ments (Fig. S3B), and none of the results obtained by the KikGR
approach were attributable to acute fluctuations in monocyte
numbers following surgery. Femur photoconversion data were
adjusted to represent the contribution of the whole-body BM
pool, and all data were adjusted to simulate 100% photoconversion
of source tissues, thus correcting for variations in photoconversion
efficiency (see Materials and Methods for details).
After photoconversion, KikRed+ monocytes egressed rapidly

from the BM and spleen (Fig. 1C) and appeared in the blood

(Fig. 1D). Time-course graphs (Fig. 1 C–E) represent the re-
distribution of cells labeled KikRed+ at time 0 h as they move
from source tissues (BM or spleen) to destination tissues (blood
and tumor). A lesser proportion of photoconverted monocytes was
retained in the spleen than in the BM (Fig. 1C; 6 h time point
onwards), suggesting that monocyte replacement occurs more
rapidly in the spleen pool. However, BM-pool KikRed+ monocytes
outnumbered spleen-pool KikRed+ monocytes in the blood, in line
with whole-body BM and spleen monocyte numbers (Table S1).
Similar results were observed in non–tumor-bearing mice (Fig. S4 A
and B).
Importantly, the KikGR approach enabled us to determine the

extent of monocyte migration from pools in the BM and spleen
to the tumor. BM-pool KikRed+ cells considerably outnumbered
spleen-pool KikRed+ cells in the tumor, even at the peak of spleen-
pool KikRed+monocyte accumulation at 12 h (30 × 103 vs. 3 × 103)
(Fig. 1E). From the peak numbers of KikRed+ cells that were
detected in the tumor, we estimate that at least 27% (45 × 103) of
tumor monocytes had traveled from the BM in the last 24 h com-
pared with ∼2% (3 × 103) from the spleen, not taking cell death
or exit from the tumor into account (Fig. 1E and Table S1).
Taken together, these results indicate that spleen-pool mon-
ocytes make a relatively minor contribution to the tumor-
infiltrating monocyte population.

BM-Pool Monocytes Have a Migration Advantage over Spleen-Pool
Monocytes. We next investigated possible causes for the domi-
nance of BM-pool monocytes within the tumor. The accumula-
tion of monocytes is influenced by the availability of monocytes
from the BM or spleen, their ability to extravasate into the tu-
mor, and the length of time that they are retained within the
tumor. In tumor-bearing mice, the BM contains six times
more monocytes than the spleen (Table S1). Surprisingly, however,
our data still favored the accumulation in the tumor of BM-pool
monocytes over spleen-pool monocytes, even when corrected for
the greater availability of BM-pool monocytes in the body (Fig. 2A).
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This result suggested that additional factors might limit the po-
tential of spleen-pool monocytes to accumulate in the tumor.
We therefore adopted a mathematical approach to quantify

and compare the migration properties of tumor-infiltrating mono-
cytes. Using weighted least squares regression analysis, equations
modeling the entry and exit of cells to and from the tumor were
fitted to blood and tumor KikGR time-course data (see Materials
and Methods for details). Migration probability, the probability per
unit time that a cell would migrate from the blood to the tumor,
was 2.7-fold higher for BM-pool monocytes than for spleen-pool
monocytes (Fig. 2B), whereas no significant difference was detected
between the tumor residence times of cells from either pool (Fig.
2C). These results show that an intrinsic difference in the ability of
monocytes from different pools to migrate from the blood to the
tumor is at least partly responsible for the dominance of BM-pool
monocytes within the tumor.
As an independent approach to compare the migration po-

tential of BM-pool and spleen-pool monocytes, we examined the
redistribution of cells from both sources after adoptive transfer
of an equal mixture of these cells directly into the blood of tu-
mor-bearing mice (Fig. 2D). Four hours after transfer, there still
were equal numbers of donor BM and spleen monocytes in the
blood (Fig. 2 E and F), but there was a higher proportion of BM-
pool cells than spleen-pool cells in the recipient tumor (Fig. 2 E
and F). These results support our conclusion that BM-pool
monocytes extravasate into the tumor more readily than their
spleen-pool counterparts because of an intrinsic difference in
their migration potential.

The BM Is the Major Site of Monocyte Production in Tumor-Bearing
Mice. Even if spleen-pool monocytes make only a minor contri-
bution to the tumor-infiltrating monocyte population, it has been
reported that the spleen plays a role in the production and

development of monocytes in the tumor-bearing state (16, 17). To
assess the relative contribution of the spleen to monocyte pro-
duction in tumor-bearing mice, we used mice expressing Fucci
proteins (hereafter, “Fucci mice”) (21, 22) and flow cytometry to
compare the extent of hematopoiesis occurring in the BM and
spleen (Fig. 3A). In Fucci mice, Fucci-orange (mKO2) and Fucci-
green (mAG) are expressed reciprocally in the G1 and S/G2/M
phases of the cell cycle, respectively. Because Fucci-green is de-
graded by ubiquitin-mediated proteolysis in late M phase, there is no
carryover of green fluorescence to daughter cells. Numbers of ac-
tively proliferating (Fucci-green+) hematopoietic stem cells (HSCs),
granulocyte-macrophage progenitor (GMP) cells (committed pre-
cursors to the monocyte and neutrophil lineages), and monocytes
were 10- to 100-fold higher in the spleen and were fivefold higher in
the BM of day-33 tumor-bearing mice than in non–tumor-bearing
mice (Fig. 3B). However, actively proliferating HSCs, GMP cells,
and monocytes in the BM far outnumbered those in the spleen in
both non–tumor-bearing and tumor-bearing mice (Fig. 3B). Fur-
thermore, in tumor-bearing mice, 65% of BM monocytes (up from
21% in non–tumor-bearing mice) were actively proliferating, com-
pared with only 16% of spleen monocytes (Fig. 3C).
Although mature monocytes are postmitotic (18), proliferating

monocytes have been described in the BM of healthy mice and
elsewhere in disease states (28–30). These immature cells have
promonocyte morphology, express the cell surface proteins
CD11b and Ly6C, and share functional similarities with mature
monocytes. They are distinct from monoblast-like cells that
do not express CD11b, including macrophage and dendritic
cell precursors (“MDPs”) and common monocyte progenitors
(“cMoPs”) (30, 31). Thus, the Fucci-green+ Ly6Chi cells ob-
served in our experiments are likely to represent immature
monocytes or promonocytes. Because the Fucci-orange fusion
protein undergoes cell-cycle–dependent ubiquitination fol-
lowed by proteolysis during the S/G2/M phases but accumulates
during the G1 phase, it provides an indication of the time elapsed
since last cell division in Fucci-green− cells (22). Expression
levels of Fucci-orange were lower in BM monocytes than in
spleen and blood monocytes, indicating that the BM contains
relatively younger cells (Fig. 3 A and D). Taken together, these
results demonstrate that the BM is the major site of monocyte
production in tumor-bearing mice.

The Supply of BM-Pool Monocytes to the Spleen Increases in the
Tumor-Bearing State. The relatively low proportion of Fucci-
green− (Fucci-orange+) G1/G0-phase monocyte progeny ob-
served in the BM of tumor-bearing mice suggests that many
monocytes or promonocytes exit the BM while in the S/G2/M
phase of the cell cycle (Fig. 3C). The number and proportion
of Fucci-green+ monocytes in the blood increased considerably
in the tumor-bearing state (cell number increased by 100-fold)
but remained much lower than in the spleen (Fig. 3 B and C).
These data suggest either that monocytes/promonocytes are
becoming Fucci-green+ in the spleen or that Fucci-green+

monocytes/promonocytes from the circulation are accumulat-
ing selectively in the spleen. Therefore we used femur pho-
toconversion experiments to determine the extent to which the
spleen pool is repopulated by BM monocytes. Monocytes moved
continuously from the BM to the spleen, and in tumor-bearing
mice, the accumulation of BM-pool KikRed+ monocytes in the
spleen increased substantially (Fig. 4A). Given that the size of
the BM pool does not increase in tumor-bearing mice, this result
demonstrates that a greater quantity and proportion of BM-pool
monocytes migrate to the spleen in the tumor-bearing state. Our
data suggest that in tumor-bearing mice, at least 9% (0.4 × 106)
of spleen monocytes are replaced by BM-pool monocytes every
hour (Fig. S4D and Table S1), not taking recirculation from the
spleen into account.
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Femur photoconversion experiments also allowed us to mea-
sure the reentry of cells into the BM, because KikRed+ mono-
cytes that had egressed from the photoconverted femur could be
detected in the opposite, unconverted femur. Fewer BM-pool
KikRed+ monocytes reentered the BM in tumor-bearing mice
than in non–tumor-bearing mice (Fig. 4B), suggesting that in the
tumor-bearing state most BM-pool monocytes are consumed in
peripheral tissues such as the tumor and spleen, rather than
returning to the BM. Taken together, our results show that in-
creased monocyte production in the BM of tumor-bearing mice
supplies the expansion of the spleen pool, partly through the rapid
transfer of immature monocytes or promonocytes that continue to
divide in the spleen.

Discussion
Tumor-infiltrating myeloid cells are short lived and are sustained
by constant supply from the circulation (23). In this study we
used KikGR and Fucci mice to compare the contributions of the
BM and spleen as sources of tumor-infiltrating monocytes. We
provide definitive evidence that monocytes from both the BM
and spleen pools are deployed rapidly and continuously to the
tumor. However, the vast majority of tumor-infiltrating mono-
cytes were supplied from the BM pool, partly because BM-pool
monocytes had an intrinsic migration advantage over spleen-pool
monocytes. Moreover, the BM was the major site of monocyte
production in tumor-bearing mice, and the rapid transfer of BM
monocytes supplied the expansion of the spleen monocyte pool.
Our results demonstrate that, despite its fixed physical ca-

pacity, the BM is able to accelerate production of monocytes

dramatically to meet demand. This accelerated monocytopoiesis
occurs without any detectable increase in BM total cell number,
suggesting that the newly produced cells overflow into the cir-
culation rapidly. Short-pulse (≤12 h) BrdU labeling studies in
tumor-bearing mice have shown that most myeloid cells populate
peripheral tissues, including the spleen, only after expansion and
mobilization from the BM (23). Our KikGR data confirm the
rapid transfer of monocytes from the BM to the spleen and
suggest that accelerated monocytopoiesis in the BM drives ex-
pansion of the spleen pool. Thus, although the spleen provides
overflow capacity for the BM, it does not supplant the BM as the
primary site of monocytopoiesis in tumor-bearing mice. The trig-
ger for increased monocytopoiesis in the BMmay be the increased
consumption of monocytes by the tumor, because peak tumor
monocyte infiltration at day 21 coincided with a transient drop in
BM monocyte numbers. In addition, tumors can secrete long-
range signals that activate hematopoietic cells in the BM (32, 33).
The basis for the difference in the migration potential of BM-

pool and spleen-pool monocytes remains unclear. It seems un-
likely that the splenic microenvironment influences monocyte
function, because KikGR data show that the majority of mono-
cytes in the spleen pass through only transiently. However,
monocytes in the BM were younger than those in the spleen.
Differences in the maturity of monocytes might result in differ-
ences in the expression of chemokine receptors, adhesion mol-
ecules, and survival factors that influence migration into and
survival within inflammatory sites (34). For example, the che-
mokine receptor CCR2 mediates monocyte recruitment to the
tumor (23, 35) and is required for monocyte egress from the BM
but not from the spleen (13, 36). Selection for expression of
CCR2 upon monocyte egress from the BM could provide these
cells with a migration advantage over older spleen-pool mono-
cytes that do not face similar selection upon egress to the cir-
culation. Future studies should clarify the mechanistic basis
for differences in the migration potential of monocytes from
different pools.
KikGR and Fucci mice offer powerful, quantitative means for

tracking intertissue cell migration and monitoring cell pro-
liferation under steady-state conditions. Unlike adoptive transfer
experiments in which cells prepared ex vivo are reinjected into
the circulation en masse, the KikGR approach enables visuali-
zation of changes in supply over time, by revealing the gradual
egress of specific cell populations from their source tissues and
their accumulation in the circulation. Moreover, unlike tissue
transplantation and parabiosis experiments, KikGR experiments
cause minimal disruption of physiological conditions. By analyzing
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bearing (NT) and tumor-bearing mice (see Fig. S2D for flow cytometry gat-
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spleen, and blood. (D) Expression levels (mean fluorescence intensity) of
Fucci-orange in Fucci-green− monocytes from the BM, spleen, and blood of
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KikGR time-course data from destination tissues and the blood,
we were able to determine the migration potential of specific cell
populations. This approach provides new insights into cell migra-
tion in vivo and builds upon previous attempts to model monocyte
tissue kinetics (14). In addition, Fucci mice provide a sensitive, real-
time indication of progress through the cell cycle with no carryover
of signal to daughter cells. Future studies might use the KikGR and
Fucci approaches to investigate the relative contributions of BM
and spleen monocytes in other inflammatory diseases.
Our findings highlight the importance of the BM as the pri-

mary hematopoietic tissue and monocyte reservoir in tumor-
bearing mice. Targeting excessive monocytopoiesis in the BM of
tumor-bearing mice may limit not only the supply of tumor-
infiltrating monocytes but also the expansion of the spleen
monocyte pool. Therapies that limit the number of monocytes
and macrophages that are available to the tumor may improve
the prognosis of patients with cancer.

Materials and Methods
Methods for cell preparation, flow cytometry, adoptive transfer, and in vitro
migration assays are provided in SI Materials and Methods. The antibodies
used for flow cytometry are listed in Table S2.

Animals. Male C57BL/6J wild-type mice (CD45.2+) were purchased from CLEA
Japan or Japan SLC. Rosa26CAG::KikGR knockin mice (C57BL/6 background),
which express KikGR in all cell types, were generated at RIKEN. KikGR BM
chimeras were generated by lethally irradiating 6-wk-old male C57BL/6J host
mice with a split dose of 9.5 Gy (OM-150HT X-ray system; OHMiC), followed
by i.v. injection with 5 × 106 syngeneic BM cells pooled from the femurs,
tibias, and spines of Rosa26CAG::KikGR donors. Chimeras were used for tumor
inoculation or experiments at least 5 wk after BM transfer, at which stage
>99% chimerism was observed in monocytes from the BM, blood, and
spleen. B6.SJL-Ptprca Pepcb/BoyJ congenic mice (CD45.1+) were purchased
from The Jackson Laboratory. These mice were crossbred with C57BL/6J mice
to generate CD45.1+ CD45.2+ mice for adoptive transfer experiments. Fucci
double transgenic mice were generated by crossbreeding FucciG1 (line no.
639) and FucciS/G2/M (line no. 474) animals (obtained from A. Miyawaki,
RIKEN BioResource Center, Tsukuba, Japan) as described previously (21).
These mice express the fusion proteins mKO2-hCdt1(30/120) and mAG-hGem
(1/110) under the CAG promoter; the no. 639 and no. 474 mouse lines
were used to overcome the poor expression in hematopoietic cells that is
observed in other Fucci lines (22). KikGR and Fucci mice were backcrossed to
C57BL/6 mice for at least 10 generations before use. Mice were 6–12 wk of
age (9–15 wk for BM chimeras) when used for tumor inoculation or
experiments. All mice were bred and maintained under specific pathogen-
free conditions in animal facilities at the University of Tokyo, and all animal
procedures were approved by and conducted in accordance with the
guidelines of the Animal Care Committee of the Graduate School of Medi-
cine, the University of Tokyo.

Tumor Inoculation. The 3LL tumor cell line (a subclone of the C57BL mouse-
derived Lewis lung carcinoma line) was obtained from F. Abe (Nihon Kayaku,
Tokyo). Mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), the
fur around the inoculation site was shaved to improve tumor visualization, and
a 50-μL suspension of 5 × 105 tumor cells was injected s.c. into the right flank.
Tumor dimensions were measured using digital calipers, and tumor volume
(in cubic millimeters) was estimated using the formula volume = length ×
(width)2 × 0.5, which is derived from the formula for a prolate spheroid.

Photoconversion Surgery. Photoconversion procedures were adapted from
methods developed previously (24–27) and are depicted in Fig. 1A. KikGR BM
chimeras were anesthetized with isoflurane [1–3% (vol/vol) by inhalation],
the fur around the spleen or left femur was shaved, and the skin disinfected
with 70% (vol/vol) ethanol.

For spleen photoconversion, an ∼1.5-cm horizontal incision was made in
the skin on the left side of the abdomen, the spleen visualized, and an ∼0.5-cm
incision was made in the abdominal wall, through which the spleen was
externalized gently. Two pieces of sterile aluminum foil (folded to remove
sharp edges that might cause injury) were arranged on either side of the
spleen, shielding the skin and abdominal cavity. The spleen was irradiated
with violet light (three sides × 3 min, 150 mW/cm2) using spot UV curing
equipment (SP9-250VB; USHIO) fitted with a 436-nm g-line band-pass filter,
fiber optic cable (SF101-NQ), and square lens (X057). Light intensity was

measured with a UIT-250 digital photometer (UVD-S405 detector; USHIO), and
light source distance was set accordingly. During irradiation of the visceral
surfaces, the spleen was held in place with a piece of sterile nonadhesive plastic
film, moistened with saline, which did not affect light transmission. After
photoconversion, the spleen was replaced, the abdominal cavity was closed
with 6–0 nylon suture, and the skin was closed with 9-mm wound clips.

For femur photoconversion, an ∼1.5-cm vertical incision was made in the
skin on the dorsal side of the left thigh, and jeweler’s forceps were used to
separate the vastus lateralis and biceps femoris muscles gently, exposing the
femur. This approach minimized interference with the sciatic nerve and
blood vessels running through the thigh. Bone reduction forceps were used
to hold the muscle clear of the femur while it was irradiated with violet
light (5 min, 500 mW/cm2). After photoconversion, the muscle surrounding
the femur was replaced, and the skin was closed with 9-mm wound clips.
Throughout and after both photoconversion procedures the spleen and
femur were irrigated with sterile saline solution. Surgery and photo-
conversion were conducted concurrently on different mice, allowing one
mouse to be photoconverted every 10 min. Mice were allowed to recover
on a heating mat (37 °C) and regained full mobility within 30 min.

Mice were subjected to either spleen or femur photoconversion, never
both. Unconverted mice (no surgery, to calibrate flow cytometry gates) and
0-h group mice (killed before photoconversion by terminal cardiac puncture
and cervical dislocation, to assess photoconversion efficiency) were included
in each experiment. Although surgery itself induced acute leukocytosis (peaking
within 3 h), sham photoconversion experiments (in which surgery was per-
formed with or without irradiation) confirmed that exposure to violet light did
not affect myeloid cell distribution, as is consistent with previous findings (25).

For in vitro photoconversion, single-cell suspensions of BM cells (2.5× 106 cells
in 100 μL in transparent microcentrifuge tubes) were irradiated with violet light
(3 min, 150 mW/cm2). Cells either were analyzed immediately or were in-
cubated for 24 h in RPMI culture medium/10% FBS at 37 °C (5% CO2 humidified
atmosphere) before analysis. In vitro photoconversion efficiency was >99%.

Calculation of Migration Probability and Residence Time for Tumor-Infiltrating
Monocytes. Monocytes enter the tumor from the blood and leave the tumor
(by dying or by exiting back to the blood) at uniform rates. Accordingly,
migration into and exit from the tumor can be described by the differential
equation, d(NT rT)/dt = NB rB p − NT rT /τ (Eq. 1). p (/h) represents the prob-
ability per unit time that a cell will migrate from the blood to the tumor
(migration probability). The units of p are scalable such that, for example,
p = 0.60/h = 0.01/min. τ (h) represents the average time that a cell remains in
the tumor before dying or exiting (residence time). Changes in tumor
monocyte number caused by in situ proliferation were assumed to be neg-
ligible based on the very low proportions of actively proliferating monocytes
detected in the tumors of Fucci mice. rB and rT (expressed as a function of
time) represent the proportion of KikRed+ cells in the blood or tumor, re-
spectively, within the population of interest (e.g., BM-pool monocytes). NB

and NT represent the total number of monocytes (both KikGreen+ and
KikRed+) in the blood or tumor, respectively, and are assumed to remain
constant over the duration of each 24-h experiment (Table S1). Monocyte
accumulation in the blood was modeled by the equation, rB(t) = aB [exp
(−kB1t) − exp(−kB2t)] (Eq. 2). After substituting Eq. 2 into Eq. 1 and taking
m = (NB/N)p and k = 1/τ, the solution of Eq. 1 under the initial condition rT(0) =
0 gives rT(t) = aBm{[exp(−kB1t) −exp(–kt)]/(k − kB1) – [exp(−kB2t) − exp(−kt)]/
(k − kB2)} (Eq. 3). Eqs. 2 and 3 were fitted to blood and tumor data obtained
from KikGR mouse photoconversion experiments using weighted least
squares regression to obtain estimates for aB, kB1, kB2,m, and k, with weights
given by the reciprocal of the variance of each measurement. The SE asso-
ciated with each of the estimated parameters was determined by the law of
error propagation. Finally, m and k (± SE) were used to calculate p and
τ (± SE). Calculations were performed using the statistical software R
(version 3.0.1; www.r-project.org).

Data Analyses. Blood and BM cell numbers were adjusted to represent whole-
body values based on the assumptions that the total blood volume of amouse
is 7%of its bodyweight and that a singlemouse femur comprises 1/15 of total
body BM cells (37). Photoconversion of 100% of myeloid cells in the femur or
spleen was not possible by the procedures used in this study, and, unlike the
spleen, a single femur represents only a fraction of the whole-body BM pool.
To correct for differences in the extent of photoconversion of each myeloid
cell pool, the proportion of KikRed+ cells in each tissue was multiplied by
100/(% photoconversion efficiency) and, in mice undergoing femur photo-
conversion, by a factor of 15. Thus, KikGR data represent the contribution of
the spleen or whole-body BM if all myeloid cells within these pools were
photoconverted at time 0 h. The number of KikRed+ cells was calculated by
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multiplying the adjusted proportion of KikRed+ cells in each tissue by
mean cell counts from nonphotoconverted or 0-h group mice (Table S1),
thus ensuring that results did not reflect acute fluctuations in total cell
numbers following surgery. Because variations in tumor size might have
influenced infiltration by KikRed+ cells, tumor cell numbers were normalized
by tumor weight, i.e., multiplication by (mean tumor weight for experiment)/
(tumor weight for individual mouse). Finally, to correct for differences in the
whole-body abundances of spleen-pool and BM-pool cells, which could
account for differences in their redistribution after photoconversion, some
data for KikRed+ cell numbers also were expressed as a proportion of their
respective source pool (% pool).

Statistics. Results are expressed as mean ± SEM for n independent obser-
vations, where n represents the number of individual mice in each treatment
group per time point. All data are representative of results obtained in at
least two independent experiments. Where appropriate, data were statis-
tically analyzed using GraphPad Prism software (version 6.0b; GraphPad

Software) as follows: two-tailed unpaired t test (Fucci percentage data,
KikGR in vitro photoconversion data, and migration probability and resi-
dence time data); one-way ANOVA with Dunnett’s posttest (wild-type
mouse tumor kinetics data, adoptive transfer data); one-way ANOVA with
Tukey posttest (Fucci mean fluorescence intensity data); two-way ANOVA
with Sidak posttest (KikGR time-course data); and two-way ANOVA with
Tukey posttest (Fucci cell number data). P values less than 0.05 were con-
sidered to be statistically significant.
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