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INTRODUCTION

Metastatic dormancy has long been known to complicate treatment
for patients diagnosed with breast cancer (1, 2), and patients can
relapse with metastatic disease many years after resection of their
primary tumors (3, 4). A partial explanation for these outcomes has
become clear: in as many as one-third of patients diagnosed with
localized breast cancer, carcinoma cells have already disseminated
to distant anatomical sites at the time of initial diagnosis (5, 6). The
vast majority of these cells reside for extended periods of time in an
apparently innocuous quiescent state (2, 5, 6). In a subset of patients,
however, a small fraction of such clinically inapparent cancer cells
ultimately renew proliferation and spawn life-threatening metastases
(1). The specific nature of these cells and the stimuli that trigger their
outgrowth remain unresolved.
Although some patients recur many years after tumor resection,
a substantial fraction of patients develop overt metastases relatively
soon after resection of their primary tumors (3, 4, 7). These patients
are represented in a sharp rise in the risk of distant recurrence that
begins 6 months after surgery and peaks 6 to 12 months later. The
synchronicity and abruptness of these early recurrences stand in
sharp contrast to the broad, extended period of relapse in the subsequent years and the low incidence of overt metastases at diagnosis,
suggesting a discrete triggering event, most plausibly the surgery
itself (7). The timing of early relapses is conserved across subtypes
of breast cancer, further suggesting a tumor-extrinsic mechanism
(4). Because there is not, and cannot be, an appropriate clinical con1
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trol group of patients who do not undergo surgery, a causal link between surgery and the outgrowth of dormant metastases has not been
demonstrated. The lack of clinical consensus on the causes of these
early relapses has inhibited the investigation into and the development of therapeutic approaches that might mitigate potential surgery-
induced metastatic relapse. For this reason, we set out to establish a
model system in mice that would allow us to test, in a controlled experimental setting, whether the surgical wounding required for tumor
resection can trigger the outgrowth of tumors at distant anatomical sites.
One possible mechanism through which surgery could trigger
early metastatic relapse may derive from the release of cancer cells
from the surgical bed during the process of resection (8). However,
the fact that such relapses are observed in patients undergoing complete mastectomy, where physical disruption of the tumor is minimal,
argues against this mechanism as a principal cause of early relapse
(9). An alternative and more attractive hypothesis posits that some
aspect of the surgery itself provokes the outgrowth of previously disseminated cancer cells, releasing such cells from physiologic constraints
that previously suppressed their outgrowth (7, 10–12). Clinical data
from patients who have undergone delayed surgical breast reconstruction support the notion that surgery and the resulting wound-healing
response can trigger the outgrowth of distant metastases (13, 14). Focusing
on the latter mechanism, we asked whether surgery, and more specifically the postsurgical wound-healing response, is responsible for the early
eruption of previously dormant cells at distant anatomical sites.
Metastatic dormancy has been proposed to be enforced by various
mechanisms, including cellular quiescence and insufficient angiogenesis (2). However, the precise mechanism by which dormancy is
imposed on disseminated tumor cells in human patients is not known
and is likely to be patient-specific. Recent evidence has indicated a prominent role for immune restriction of metastatic outgrowth, causing
us to focus on this as a centrally important mechanism imposing meta
static dormancy (15–19). By decoupling surgical wounding from
tumor resection, we demonstrate that wounding and the subsequent
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Patients undergoing surgical resection of primary breast tumors confront a risk for metastatic recurrence that peaks
sharply 12 to 18 months after surgery. The cause of early metastatic relapse in breast cancer has long been debated,
with many ascribing these relapses to the natural progression of the disease. Others have proposed that some aspect
of surgical tumor resection triggers the outgrowth of otherwise-dormant metastases, leading to the synchronous pattern of relapse. Clinical data cannot distinguish between these hypotheses, and previous experimental approaches
have not provided clear answers. Such uncertainty hinders the development and application of therapeutic approaches
that could potentially reduce early metastatic relapse. We describe an experimental model system that definitively
links surgery and the subsequent wound-healing response to the outgrowth of tumor cells at distant anatomical sites.
Specifically, we find that the systemic inflammatory response induced after surgery promotes the emergence of
tumors whose growth was otherwise restricted by a tumor-specific T cell response. Furthermore, we demonstrate
that perioperative anti-inflammatory treatment markedly reduces tumor outgrowth in this model, suggesting
that similar approaches might substantially reduce early metastatic recurrence in breast cancer patients.
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CD8+ T cells restrict the outgrowth of GFP-labeled
carcinoma cells in mice
We began our studies by generating a new model of tumor dormancy
in which the outgrowth of tumors is restricted by the actions of the
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Fig. 1. The outgrowth of D2A1-GFP tumors in Balb/c mice is restricted by a GFP-specific CD8+ T cell response. (A) Endpoint tumor incidence, 32 days after the orthotopic
injection of 2.5 × 104, 5 × 104, or 1 × 105 D2A1–green fluorescent protein (GFP) cells into syngeneic Balb/c mice; 1 × 105 D2A1-GFP cells injected into immunodeficient
nonobese diabetic/severe combined immunodeficient mice; and 1 × 105 unlabeled D2A1 cells injected into Balb/c mice (n = 10 per group). Tumor incidence is reported
as the fraction of mice bearing tumors of diameter ≥ 2 mm (see Supplementary Materials and Methods). (B) Fraction of tumor-bearing mice as a function of time after the
orthotopic injection of D2A1-GFP cells into Balb/c mice at doses of 2.5 × 104, 5 × 104, or 1 × 105 per injection (n = 8 to 10 per group). (C) Secretion of interferon- (IFN-)
into culture medium during ex vivo coculture of irradiated D2A1-GFP cells with lymph node (LN) cells isolated from the inguinal LNs of tumor-free or D2A1-GFP–bearing
Balb/c mice. Data for cells isolated from the ipsilateral (tumor-draining) and contralateral LNs are shown for tumor-bearing mice (n = 5 per group). (D) Tumor diameter
after the orthotopic injection of 1 × 105 D2A1-GFP cells into Balb/c mice 1 day after initiating injections of either anti-CD8 antibodies or control immunoglobulin G (IgG)
(n = 9 to 10 per group). (E) Tumor diameter after the orthotopic injection of 1 × 105 D2A1-GFP cells into wild-type (WT) or GFP-transgenic (Tg) mice, both on a Balb/c:C57BL/6
F1 background (n = 11 per group). (F) Number of tumor nodules in the lungs after the intravenous injection via the tail vein of 1 × 106 D2A1-GFP cells into Balb/c mice that
had previously rejected D2A1-GFP tumors or into naïve mice (n = 3 to 5 per group). (G) Number of tumor nodules in the lungs after the intravenous injection via the tail vein
of D2A1-GFP 5 × 105 cells into Balb/c mice bearing D2A1-GFP cells in the mammary fat pad (MFP) at different stages of growth or rejection (n = 3 to 6 per group). For all
panels, data are plotted as means ± SEM. P values were calculated using the Mann-Whitney test (*P < 0.05, **P < 0.005, ***P < 0.0005).
Krall et al., Sci. Transl. Med. 10, eaan3464 (2018)

11 April 2018

2 of 11

Downloaded from http://stm.sciencemag.org/ by guest on May 19, 2019

A

Ipsilateral LN

RESULTS

adaptive immune system. Wishing to study mammary carcinomas, we
developed our model system in Balb/c mice, the strain in which most
murine mammary carcinoma models have been established (20, 21).
To do so, we took advantage of the fact that green fluorescent protein (GFP)
functions as a potent T cell antigen in immunocompetent Balb/c mice
(22). Thus, we engineered cells of the aggressive D2A1 murine mammary
carcinoma cell line (20) to express GFP, thereby generating immunogenic tumor cells. Whereas parental D2A1 cells generated rapidly growing tumors when injected orthotopically into syngeneic Balb/c mice
(Fig. 1A), their GFP-expressing counterparts (D2A1-GFP) produced
tumors that, although initiated with comparably high efficiency, were
ultimately rejected in 70 to 90% of mice (Fig. 1, A and B, and fig. S1A).
D2A1-GFP cells efficiently formed tumors in immunocompromised
nonobese diabetic/severe combined immunodeficient (NOD/SCID)

Contralateral LN

wound-healing response are sufficient to trigger the outgrowth of distant tumor cells, specifically when such outgrowth is restricted by the
adaptive immune system. We demonstrate that peri- and postoperative
treatment with anti-inflammatory medication attenuates the impact
of surgical wounding on the outgrowth of distant tumors, suggesting
that a common and inexpensive treatment may improve breast cancer clinical outcomes.
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Surgical wounding promotes local tumor outgrowth
To determine whether surgical wounding could break immune-imposed
dormancy and enable tumor outgrowth, we undertook to model surgical wounding and postsurgical wound healing in a robust and reproducible manner. As a crucial consideration, we wished to avoid
the confounding issues associated with the surgical removal of primary tumors. These issues include variability in the extent of wounding required to remove each tumor, as well as the idiosyncrasies of
specific implanted tumor models, whose systemic effects, lost after
their resection, were likely to vary substantially from one tumor type
to another. Instead, we focused on the surgical wounding itself and
the subsequent wound-healing response that is encountered by all
breast cancer patients who have undergone surgery, independent of
the nature of their tumors. To do so, we wounded mice by subcutaneously implanting sterile polyvinyl acetate sponges. Sponge implantation represents a well-established model of wound healing, in which
Krall et al., Sci. Transl. Med. 10, eaan3464 (2018)
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the cutaneous incision initiates the wound-healing response and
the sponge mesh acts as a bed into which a rich desmoplastic stroma
is then recruited over the ensuing days (25, 26). In our hands, this
method yielded far more consistent biological responses than did
surgical resection of primary tumors, where the extent of wounding and
bleeding varied greatly from one tumor resection to another. The response to sponge implantation proceeded according to the canonical
wound-healing cascade (27), with the recruitment of neutrophils and
macrophages followed by the infiltration of myofibroblasts and extensive vascularization (Fig. 2, A and B). Accordingly, in the work
described below, we refer to and equate sites of sponge implantation
with sites of surgical wounding and subsequent wound healing.
Before examining possible systemic effects of surgical wounding, we
considered the local impact of wounding, which has been shown to promote
tumor growth in other contexts (28, 29). Thus, we asked whether the wound-
healing response after surgery could promote the outgrowth of locally
implanted tumors that would otherwise be immune-restricted. To test this
possibility, we injected D2A1-GFP cells directly into sponges that had been
implanted 1 week earlier and therefore had already been infiltrated by cells
that formed a desmoplastic stroma (Fig. 2C, right). D2A1-GFP cells injected
into this wound-healing microenvironment formed robustly growing
tumors, in contrast to their rejection when these tumor cells were injected
orthotopically into the mammary fat pads (MFPs) of unwounded mice
(Fig. 2, C to E). Similarly, when D2A1-GFP cells were injected into an MFP
directly adjacent to the site of an implanted sponge, tumors once again
grew out, albeit to a lesser extent (Fig. 2, C to E). Thus, the wound-healing
microenvironment could trigger the local outgrowth of tumors that
would otherwise be suppressed by the adaptive immune system.
Surgery triggers the outgrowth of distant
immunogenic tumors
We next asked whether, paralleling the local promotion of tumor outgrowth, surgical wounding would also initiate a systemic response that
could similarly affect tumor cells at distant anatomical sites, such as might
occur clinically after tumor resection, leading to the outgrowth of meta
stases. To determine whether surgery sufficed to trigger the outgrowth
of distant, immune-controlled tumors, we orthotopically injected D2A1-
GFP cells contralateral to sites of surgical wounding, ensuring that any
interactions between the tumor and the wound-healing response would
be systemic in nature (Fig. 3A). In keeping with the earlier experiments
that focused on local wounding, tumor cells were initially injected
into mice 1 week after surgical wounding had been modeled by sponge
implantation. In wounded mice, 60% of tumors grew out, whereas the
remaining tumors were rejected (Fig. 3, B and C, and fig. S2A). This
high tumor incidence was in sharp contrast to tumor growth in unwounded, control mice, in which only 10% of tumors persisted (Fig. 3,
B and C, and fig. S2A). The extent of wounding beyond an apparent
threshold had little impact on eventual tumor outgrowth, as tumor
formation was comparable in mice wounded via the implantation of
either one or two sponges (Fig. 3, B and C). The effect of surgery on
tumor outgrowth depended upon immune restriction of tumor growth,
as wounding did not affect the growth of distant D2A1-GFP tumors in
immunocompromised NOD/SCID mice (fig. S2B).
Wishing to extend the above results, we undertook to model more
closely the clinical scenario in which the postsurgical wound-healing
response influences the outgrowth of previously disseminated tumor
cells. We first modified the experimental protocol by injecting D2A1-
GFP cells into mice subcutaneously rather than orthotopically, doing
so to avoid any confounding inflammation resulting from the small
3 of 11
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mice (Fig. 1A), consistent with the adaptive immune system mediating tumor rejection in Balb/c mice.
To assess the immune response against D2A1-GFP tumors in syngeneic Balb/c hosts, leukocytes from the tumor-draining lymph nodes
were harvested either 7 or 10 days after the injection of the tumor cells.
When cultured ex vivo with irradiated D2A1-GFP cells, these leukocytes released substantial amounts of interferon-, indicative of tumor-
specific immune activation (Fig. 1C). Furthermore, D2A1-GFP tumors
grew rapidly, without signs of restriction, when injected into mice in
which CD8+ T cells had been depleted with neutralizing antibodies
(Fig. 1D and fig. S1, B to D). The implied T cell–mediated rejection required the recognition of GFP as a foreign antigen, as D2A1-GFP tumors
also grew rapidly when injected into GFP-transgenic hosts in which germline expression of the transgene had induced tolerance toward this antigen (Fig. 1E and fig. S1E). Rejection of D2A1-GFP tumors generated
immunological memory of the GFP antigen, as evidenced by experiments in which these mice were rechallenged with D2A1-GFP cells
injected into the tail vein during an experimental metastasis assay.
Whereas tumor nodules formed in the lungs upon tail vein injection of
D2A1-GFP cells into tumor-naïve mice, no such nodules were observed upon injection into mice that had previously rejected orthotopic
D2A1-GFP tumors (Fig. 1F). Intravenous injection of D2A1-GFP cells
failed to generate lung nodules even in mice in which orthotopic D2A1GFP tumors had been controlled, but not fully rejected, thus indicating
the presence of substantial systemic immunity in tumor-bearing mice
(Fig. 1G and fig. S1, F and G). Collectively, these data demonstrate that
in this model system, the outgrowth of carcinoma cells was restricted
by a robust GFP-specific T cell response.
In our model system, after successful initiation of D2A1-GFP tumors,
the growth of these tumors stalled, yet the tumors persisted for 2 to
3 weeks before rejection (fig. S1A, right). These data suggest that tumor
growth was being countered by the adaptive immune system, such that
the tumors had entered transiently into a period of equilibrium with the
immune system (23, 24). We hypothesized that this equilibrium state
modeled the immune control that might impose dormancy upon—
but not rejection of—disseminated tumor cells in breast cancer patients,
and that this control might be disrupted by various immune-modulating
stimuli. More specifically, given the synchronous pattern of early relapse, we hypothesized that after surgery, the resulting wound-healing
response might act systemically to compromise certain actions of the
adaptive immune system, thereby permitting the outgrowth of distant tumors that would otherwise be controlled.
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Fig. 2. The postsurgical wound-healing response protects local immunogenic tumors
from immune-mediated destruction. (A) Identification of sponge-infiltrating myeloid cells using flow cytometry after staining for the presence of neutrophils
(CD45+CD11b+Ly6G+) and macrophages (CD45+CD11b+F4/80+), 7 days after sponge
implantation. (B) Immunofluorescence staining of tissue sections containing stroma-
infiltrated sponges. Sections were stained with anti-F4/80 (macrophages, top) or anti–
–smooth muscle actin (SMA) (myofibroblasts and blood vessel–lining pericytes,
bottom). Representative images at ×10 magnification are shown for sections isolated
14 days after wounding by subcutaneous sponge implantation. DAPI, 4′,6-diamidino-
2-phenylindole. (C to E) Injection of immunogenic D2A1-GFP cells into control or
wounded Balb/c mice. (C) Schematic illustrating the experimental design in which
1 × 105 tumor cells were injected into the MFP of control mice (left) or mice bearing
a local wound (center) or were injected directly into a site of wound healing (right).
The incidence (D) and mass (E) of the resulting tumors were determined 30 days
after the injection of tumor cells (n = 10 per group). For all panels, data are plotted
as means ± SEM. P values were calculated using the Mann-Whitney test (*P < 0.05).

incision required for orthotopic injection. Similar to previous experiments, tumor outgrowth was enhanced in wounded mice relative
to control mice (Fig. 3D and fig. S2C).
Krall et al., Sci. Transl. Med. 10, eaan3464 (2018)
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Furthermore, we considered the likelihood that, in patients, interactions between disseminated tumor cells and the adaptive immune system likely begin upon the initial arrival of the tumor cells
at a distant organ, before tumor resection. According to this scenario,
wounding associated with tumor resection would occur after the distant tumor cells encountered an immune response. To more faithfully model this situation, we subcutaneously injected D2A1-GFP
cells 1 week before contralateral sponge implantation, reversing the
previously used order of manipulations. We reasoned that this delay
between tumor cell injection and surgery provided sufficient time for
the tumors to engage the adaptive immune system but not to be fully
rejected (Fig. 1, B and C). Tumor outgrowth was again substantially
increased, on this occasion by subsequent sponge implantation (Fig. 3E
and fig. S2D). This result indicated that the effects of surgical wounding
were sufficient to affect tumors that were likely to have already engaged
the adaptive immune system, rather than simply preventing the initiation of antitumor immune activity.
Finally, we wished to determine whether a more subtle wound than
that induced by sponge implantation could also trigger the outgrowth
of tumor cells that had previously been introduced at a distant site.
Accordingly, we subjected mice to a 2-cm-long cutaneous incision
1 week after the injection of D2A1-GFP cells. For this experiment,
we returned to the orthotopic injection of D2A1-GFP cells to ensure
that the cells were lodged within the MFP and were thus sequestered
from the wound site. Strikingly, wounding via a substantial cutaneous incision was also able to promote the outgrowth of contralateral
D2A1-GFP tumors (Fig. 3F and fig. S2E). These results confirmed that
the repeatedly observed systemic impact of wounding on the outgrowth
of distant tumor cells was not an artifact of sponge implantation but
was instead a general consequence of surgical wounding and, presumably, the postsurgical wound-healing response.
Collectively, our data clearly demonstrated that surgical wounding
at one anatomical site could promote the outgrowth of an immunologically restricted tumor at a distant site. A meta-analysis across all
of our experiments performed using the D2A1-GFP system (273 mice)
demonstrated a marked increase in both the incidence and size of
D2A1-GFP tumors in mice that had been wounded at a distant site,
relative to unwounded mice (Fig. 3, G and H, and fig. S3, A and B). As
is observed in many immuno-oncology models, we note that, when
comparing independent experiments, there was some degree of variability in tumor outgrowth in the absence of wounding and, therefore,
in the extent to which wounding triggered tumor outgrowth. This variability can be minimized, but not eliminated, by precisely titering the
dosage of injected tumor cells to achieve the optimal balance between
tumor growth and rejection. Thus, we observed the most marked results when transplanting 1 × 105 and 5 × 105 cells for orthotopic and
subcutaneous injections, respectively (Fig. 3, G and H, and fig. S3, A
and B). Even when using a suboptimal dose (orthotopic injection of
2 × 105 cells) that increased the frequency of tumor outgrowth in unwounded mice, we still observed a clear impact of surgical wounding on
tumor outgrowth (fig. S3, A and B). In every individual experiment that
we undertook, tumor outgrowth was, without exception, observed in a
larger proportion of mice within the wounded cohort than within the
control group (Fig. 3H and fig. S3B). When considered in aggregate, the
statistical power of these experiments unambiguously demonstrated
the impact of surgical wounding on the outgrowth of anatomically distant, immune-restricted tumors.
Surgical wounding was also able to promote the growth of immune-
restricted tumors in a second, independent model system using B16
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melanoma cells in syngeneic C57BL/6 host mice. In these experiments,
we used the well-established B16-GVAX model of immune activation,
in which vaccination of mice with irradiated B16 cells that express
granulocyte-macrophage colony-stimulating factor (GM-CSF) initiates
a tumor-specific T cell response that attenuates the growth of tumors
arising from nonirradiated B16 cells (30). We confirmed that, as previously reported, vaccination delayed tumor growth in unwounded mice
(fig. S4, A and B). However, surgical wounding at a distant site enabled
B16 tumors in vaccinated mice to grow as rapidly as B16 tumors in unvaccinated mice (fig. S4, C and D). Thus, consistent with our previous
findings using D2A1-GFP cells, surgical wounding after the injection of
tumor cells was able to overcome the effect of vaccination and promote
the growth of distant B16 tumors. These experiments indicate that the
systemic components of the wound-healing response permit tumors to
resist an otherwise effective adaptive immune response in a second, independent tumor model.
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Anti-inflammatory treatment prevents surgery-induced
tumor outgrowth
Given the potential role of systemic inflammation in mediating surgery-
induced tumor outgrowth, we considered whether perioperative treatment with meloxicam, a nonsteroidal anti-inflammatory drug (NSAID),
might attenuate the outgrowth of tumors in response to surgery. We
noted that, encouragingly, a retrospective analysis of breast cancer
6 of 11

Downloaded from http://stm.sciencemag.org/ by guest on May 19, 2019

The systemic mobilization of myeloid cells mediates
surgery-induced tumor outgrowth
Having demonstrated a causal link between surgery and tumor outgrowth, we endeavored to identify aspects of the systemic wound-healing
response that might trigger tumor outgrowth in the face of an otherwise effective CD8+ T cell response. Therefore, we analyzed the blood
of wounded and control mice to identify potential systemic mediators of such a response. Analysis of leukocytes in the blood of both
Balb/c and C57BL/6 mice revealed that surgical wounding induced
an elevation in the number of circulating neutrophils followed by a
strong elevation in the number of inflammatory (Ly6Chi) monocytes
(Fig. 4A and fig. S5, A to C). No changes in the numbers of circulating
lymphocytes or of noninflammatory (Ly6Clo) monocytes were observed (fig. S5, B, D, and E). Consistent with the mobilization of myeloid cell populations, we detected elevated circulating levels of the
key inflammatory cytokine interleukin-6, as well as of granulocyte
colony-stimulating factor (G-CSF) and CCL2 (Fig. 4B). Specifically,
G-CSF and CCL2 induce the egress, respectively, of neutrophils and
inflammatory monocytes from the bone marrow (31, 32). Hence,
surgical wounding initiates a systemic inflammatory response that, at
a cellular level, parallels the local response observed within the wound
site (Fig. 2, A and B). Furthermore, the observed mobilization of myeloid cells reflects the response seen in breast cancer patients after
surgery (33), indicating the potential for a similar effect of surgery
on metastatic outgrowth in patients.
We wished to determine whether the types of myeloid cells mobilized in response to surgery might play a functional role in promoting
tumor outgrowth. To do so, we initially characterized the tumor-
infiltrating leukocytes present within D2A1-GFP tumors of diverse
sizes in unwounded mice, reasoning that informative correlations between subsets of leukocytes could be identified in the absence of
wounding. Consistent with T cell–mediated tumor rejection (Fig. 1),
the proportion of tumor-infiltrating CD8+ T cells was inversely correlated with tumor size and, even more strongly, with the proportion
of D2A1-GFP cells within each tumor (fig. S6A). Similarly, the infiltration of CD4+ T cells was inversely related to the proportion of D2A1GFP cells (fig. S6B). Intriguingly, the numbers of CD11b+ myeloid
cells were negatively correlated with the proportion of CD8+ T cells
(fig. S6C) but positively correlated with the number of D2A1-GFP
cells (Fig. 4C), suggesting that myeloid cells might promote tumor
outgrowth by countering T cell–mediated growth restriction. The
ratio of myeloid cells to CD8+ T cells was a strong predictor of D2A1-

GFP cellularity within a tumor, as were ratios of both neutrophils and
macrophages to CD8+ T cells (Fig. 4C and fig. S6D), further associating these myeloid cell subsets with tumor outgrowth.
We next explored potential functional roles for tumor-infiltrating
myeloid cells in promoting tumor outgrowth. Here, we found that the
sustained infiltration of neutrophils was dispensable for resistance
to immune attack, as the systemic depletion of neutrophils using anti-
Ly6G antibodies beginning 7 days after the introduction of D2A1-GFP
cells had no impact on tumor growth (Fig. 4D and fig. S6E). Unlike
the depletion of neutrophils, the sustained depletion of inflammatory
monocytes from bloodstream is fraught with challenges. Therefore,
we opted instead to prevent the infiltration of macrophages into D2A1GFP tumors, using CRISPR/Cas9-mediated editing to disrupt the CCL2-
encoding gene in the D2A1-GFP carcinoma cells. CCL2 is a chemokine
for inflammatory monocytes and is commonly secreted by breast cancer cells, recruiting monocytes into the tumor where they subsequently
differentiate into tumor-associated macrophages (TAMs) (34). We
found that loss of CCL2 expression in carcinoma cells reduced the
growth of D2A1-GFP tumors before their ultimate rejection (Fig. 4E
and fig. S6, F to H). These data indicate that TAMs may well promote
the growth of immunogenic D2A1-GFP tumors, consistent with their
immunosuppressive properties that have been reported in other contexts. As we have demonstrated, inflammatory monocytes, the precursors of TAMs, are clearly mobilized systemically in response to surgical
wounding (Fig. 4A), increasing their availability for recruitment into
tumors and suggesting a mechanism by which systemic inflammation
after surgery may directly function to promote the outgrowth of distant tumors.
On the basis of the preceding experiments, we examined tumor-
infiltrating macrophages to determine whether they exhibited immunosuppressive properties that might promote tumor outgrowth.
Programmed cell death-ligand 1 (PD-L1), a potent mediator of immune
suppression, was expressed at elevated levels on the surface of macrophages within immunogenic D2A1-GFP tumors, but not on macrophages within parental D2A1 tumors (fig. S7A). These data suggest
that PD-L1 expression by macrophages was induced during the course
of the antitumor immune response, as has been demonstrated in many
contexts (35). To determine whether the observed PD-L1 functioned
to promote tumor outgrowth, tumor-bearing mice were treated with
anti-PD1 antibodies to prevent PD-L1 from signaling through PD1 on
the surface of cytotoxic T cells, which causes, in turn, their functional
inactivation (35). As we found, the administration of anti-PD1 antibodies led to the near-complete rejection of D2A1-GFP tumors in both
wounded and unwounded mice, indicating that PD-L1 expression is
essential for the outgrowth of D2A1-GFP tumors (Fig. 4F). We noted
that, in addition to its expression on TAMs, PD-L1 is comparably induced on the surface of D2A1-GFP cells within the tumor (fig. S7A),
indicating the potential for carcinoma cell–intrinsic immunosuppression. However, macrophages typically outnumber carcinoma cells in
this model (Fig. 4C), suggesting a prominent role for TAM-associated
PD-L1 in immunosuppression and tumor outgrowth.
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Fig. 4. Surgery initiates a systemic inflammatory response that triggers the outgrowth of distant immunogenic tumors and can be inhibited by perioperative anti-
inflammatory treatment. (A) Relative proportion of circulating neutrophils and inflammatory (Ly6Chi) monocytes in wounded and control Balb/c mice, 1, 3, and 7 days after
surgery. The proportion of each cell type in the circulation was determined as a percentage of CD45+ leukocytes, and the values were normalized to those of control mice on each
collection day (n = 4 to 6 per group). (B) Concentrations of interleukin-6 (IL-6), granulocyte colony-stimulating factor (G-CSF), and CCL2 in the circulation of control and wounded Balb/c
mice, 24 hours after surgery, as detected by enzyme-linked immunosorbent assay (n = 6 per group). (C) Correlation between the percentage of tumor-infiltrating CD11b+ myeloid cells
(left) or the myeloid-to-CD8+ T cell ratio (right) and the percentage of D2A1-GFP cells within orthotopic tumors, 17 days after the injection of tumor cells into unwounded Balb/c mice.
(D) Tumor diameter after the subcutaneous injection of 5 × 105 D2A1-GFP cells into Balb/c mice that were subsequently treated with anti-Ly6G or isotype-control antibodies (n =
12 per group). (E) Tumor diameter after the orthotopic injection of 1 × 106 D2A1-GFP–sgLuciferase (sgLuc) or D2A1-GFP–sgCCL2 cells into Balb/c mice (n = 5 per group). (F) Tumor
diameter after the orthotopic injection of 1 × 105 D2A1-GFP cells into previously unwounded (left) or wounded (right) Balb/c mice that were subsequently treated with anti-PD1
or isotype-control antibodies (n = 15 mice per group). PD1, programmed cell death protein 1. (G) Tumor diameter after the orthotopic injection of 1 × 105 D2A1-GFP cells into
previously unwounded (left) or wounded (right) Balb/c mice treated peri- and postoperatively with saline or meloxicam (n = 15 mice per group). For all panels, data are plotted
as means ± SEM. P values were calculated using Student’s t test (A and B) or the Mann-Whitney test (C to G) (*P < 0.05, **P < 0.005, ***P < 0.0005).

outcomes suggested that the use of anti-inflammatory analgesics, rather
than opioids, following tumor resection surgery reduced the incidence
of early metastatic relapse in these patients (36–39). However, in the cited
Krall et al., Sci. Transl. Med. 10, eaan3464 (2018)
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study, the mechanism of action of the anti-inflammatory agents could
not be inferred unambiguously, simply because such agents have been
demonstrated to also directly inhibit tumor growth (40–42). Hence,
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DISCUSSION

The current study offers direct evidence that the systemic consequences
of surgery can promote the outgrowth of tumor cells at distant anatomical sites. We focused on tumor cell deposits whose outgrowth was
restricted by the adaptive immune system. To this end, we developed
a new immuno-oncology model based on the ectopic expression of
GFP in D2A1 murine mammary carcinoma cells. When these cells
were injected orthotopically into syngeneic Balb/c hosts, GFP acted
as a tumor antigen that triggered an antitumor T cell response, resulting
in restricted tumor outgrowth and, ultimately, complete tumor rejection in the majority of mice. As we repeatedly observed, surgically
wounding tumor-bearing mice at a distant anatomical site triggered
Krall et al., Sci. Transl. Med. 10, eaan3464 (2018)
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a substantial increase in the outgrowth of these immunologically
restricted tumors. Surgery-induced tumor outgrowth was associated
with a local and systemic inflammatory response characterized by
the release of cytokines and the mobilization of myeloid cells into
the circulation of wounded mice. Specifically, our data implicated
inflammatory monocytes, which differentiate into macrophages inside tumors, as likely functional mediators of the systemic response
to surgery. Collectively, our results indicate that systemic inflamma
tion initiated as part of the wound-healing response following tumor
resection surgery is likely to contribute significantly to the sharp peak
in early relapse.
We undertook to model a clinical phenomenon that occurs at
low frequency and arises only with delayed kinetics in patients. We
therefore used hundreds of mice to ensure that we had sufficient statistical power to draw firm conclusions. In considering these conclusions, we do not wish to suggest that tumor resection surgery be avoided
because of the potentially negative side effects suggested previously
by clinical data and demonstrated here experimentally. Instead, we
argue that coupling surgery with short-term anti-inflammatory treatments may substantially improve patient outcomes by mitigating the
systemic consequences of surgical breast cancer resection. Of critical
importance, perioperative treatment with the anti-inflammatory drug
meloxicam potently inhibited the impact of wounding on tumor growth.
Furthermore, our study suggests that the treatment of breast cancer
patients with anti-inflammatory agents during and after surgical resection of primary tumors may yield substantial benefits by reducing the incidence of early metastatic relapse. These findings parallel
the results of a retrospective analysis that demonstrated that perioperative anti-inflammatory analgesics reduced the incidence of early
metastatic recurrence in breast cancer patients (36, 37). Our results
provide a mechanistic explanation for these clinical outcomes and offer
strong support for a prospective study testing the impact of perioperative anti-inflammatory treatment on early metastatic relapse (45), the
results of which may have profound implications for the future treatment of breast cancer.
Here, we relied on a well-established model of surgical wounding:
implantation of a sterile synthetic sponge (25, 26). In doing so, we were
able to avoid the resection of a large primary tumor while still faithfully
mimicking the tissue damage and inflammation associated with surgical tumor resection. This experimental protocol ensured that the
extent of wounding was highly consistent across large numbers of mice.
Equally important, we were able to decouple surgery itself from the
removal of primary tumors, enabling an understanding of systemic
responses that are common to all breast cancer patients undergoing
surgery and not dependent on the idiosyncrasies of individual resected tumors. For example, certain primary tumors release factors
systemically that affect the outgrowth of distant tumors; the identity
and effects of these factors appear to be tumor-specific, either promoting or inhibiting the outgrowth of distant tumors depending on
the cancer cells used (46–48).
Using this approach to understand the specific role of surgery in
facilitating tumor outgrowth, we were able to clarify and extend the
small body of literature that has addressed similar questions. Different
from our approach, most of these studies used surgery that involved
the removal of primary tumors (49–51). Hence, in addition to triggering a systemic postsurgical wound-healing response, such resection
also resulted in the loss of tumor-derived systemic factors. Because
the loss of these tumor-specific factors was cited as the primary explanation for their results, it was difficult to draw broadly applicable
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it was unclear whether these patients responded to the effect of NSAIDs
on systemic inflammation following surgery or to direct effects of
NSAIDs on metastatic deposits of tumor cells. The potential for such
confounding results was highlighted in our own model system, where
meloxicam directly affected preexisting D2A1-GFP tumors, reducing
tumor growth even in unwounded mice (fig. S7B).
To directly assess the effect of NSAID treatment on surgery-induced
tumor outgrowth, we used an experimental strategy in which mice were
wounded before the injection of tumor cells (as performed in Fig. 3,
A to C). This approach allowed meloxicam, administered peri- and
postoperatively, to be cleared from the mice before the introduction
of tumor cells (fig. S7C). Mice were treated with meloxicam or, as control,
saline, beginning 2 hours before surgical wounding, and dosing was
repeated twice daily for 3 days after surgery. Notably, treatment with
meloxicam did not appear to impede wound healing in these mice.
Seven days after surgical wounding (4 days after the cessation of either
meloxicam or saline treatment), D2A1-GFP cells were orthotopically
injected contralateral to the wound site. Meloxicam treatment had no
effect on tumor growth in the absence of surgical wounding (Fig. 4G,
left). In contrast, in wounded groups, tumors in meloxicam-treated
mice were significantly smaller than tumors in wounded mice treated
with saline (P < 0.05; Fig. 4G, right). Surprisingly, tumors in wounded,
meloxicam-treated mice were even smaller than tumors in unwounded,
untreated mice.
To investigate the mechanism of NSAID action, we considered the
impact of meloxicam treatment on both circulating and tumor-infiltrating
myeloid cells. We were surprised to find that the administration of
meloxicam did not reduce the mobilization of myeloid cells into the circulation of wounded mice (fig. S7D). In contrast, treatment of wounded
mice with meloxicam appeared to alter the phenotype of TAMs within D2A1-GFP tumors. In the absence of meloxicam, distant surgical
wounding induced an upward trend in the expression of CD206 on
the surface of TAMs, indicative of a protumor M2 polarization that
is often associated with immunosuppressive properties (fig. S7E)
(43). Treatment of wounded mice with meloxicam prevented the
elevation in CD206 expression and instead led to an increase in PD-L1
expression on TAMs (fig. S7E). Although PD-L1 functions as an immunosuppressive protein, its expression is known to be induced in
response to antitumor immune activity (fig. S7A) (44), suggesting that
tumors in meloxicam-treated mice experienced a heightened immune
attack, consistent with reduced tumor outgrowth in this group (Fig. 4G).
Collectively, our studies with meloxicam provide a strong indication
that the inflammation triggered by surgical wounding is responsible
for triggering the outgrowth of distant immunogenic tumors, potentially via its impact on the function of tumor-infiltrating myeloid cells.
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MATERIALS AND METHODS

Study design
The experiments in this study were designed to determine whether
surgical wounding would trigger the outgrowth of anatomically distant tumor cells whose growth was otherwise restricted by the adaptive
immune system. All experiments were performed in mice. Minimum
sample size was determined using Fisher’s exact test. For certain experiments, this number of mice could not be practically achieved. In
such cases, data from multiple experiments were combined for statistical analysis, as noted in the relevant figure legends. In all experiments,
mice of similar age and size were used across all groups. For all experiments in which comparisons were made between control and wounded
mice, half of the mice in each cage were wounded, whereas the other
half were not, such that differences between groups could not be attributed to any potential sources of cage-to-cage variation. For experiments in which tumor cells were implanted before a surgical wounding,
tumor size was very similar across all mice at the time of wounding,
such that further randomization was unnecessary. During the analysis of tumor size, researchers were blinded to the identity of groups
when animals were treated with either antibodies or small-molecule
inhibitors. Researchers could not be blinded with regard to surgical
wounding, because the presence or absence of a subcutaneous sponge
implant clearly identified mice within each group. Primary data are
reported in table S2.
Krall et al., Sci. Transl. Med. 10, eaan3464 (2018)
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Statistical analysis
Data are presented as means ± SEM. Tumor diameter and tumor mass
data, which did not fit a normal distribution, were analyzed using the
Mann-Whitney test. Tumor incidence was analyzed using Fisher’s
exact test. Analysis of cytokine levels and circulating immune cells
was performed using Student’s t test, with similar variance assumed
across independent groups. All statistical analyses were performed
as two-tailed tests.
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/10/436/eaan3464/DC1
Materials and Methods
Fig. S1. The outgrowth of D2A1-GFP tumors in Balb/c mice is restricted by a GFP-specific CD8+
T cell response.
Fig. S2. Surgical wounding triggers the outgrowth of tumor cells at distant anatomical sites.
Fig. S3. Meta-analyses demonstrate that surgical wounding promotes the outgrowth of
distantly implanted tumor cells.
Fig. S4. Surgical wounding overcomes the effect of a tumor vaccine to promote the growth of
distant B16 tumors.
Fig. S5. Surgical wounding triggers a systemic inflammatory response characterized by the
mobilization of inflammatory myeloid cells into the circulation.
Fig. S6. Myeloid cells infiltrate D2A1-GFP tumors and promote tumor growth.
Fig. S7. NSAIDs alter the polarization of tumor-infiltrating macrophages.
Table S1. Components of flow cytometry antibody cocktails.
Table S2. Primary data.
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conclusions from these studies about the impact of surgery on the outgrowth of distant tumors (51). In the one study that directly explored
the impact of surgical wounding on tumor outgrowth, cancer cells were
seeded in the liver via the portal vein, and their outgrowth was promoted
by surgical wounding in the form of a laparoscopy (11). However, because the liver is a central participant in the acute-phase response to
inflammation (52), the particular tissue in which the tumor cells were
deposited was likely to respond directly to surgery, suggesting that
local rather than systemic factors may have promoted tumor outgrowth.
The experiments presented here provide strong evidence for the systemic effects of surgery on deposits of immunogenic tumor cells. However,
due to the challenges of developing new model systems, important
questions remain to be explored. For example, using our system, we could
not address how surgery would affect tumor cells seeded as single
cells or as small clusters of cells in the bone marrow, lung, or brain.
Nor could we examine how tumor cells that had disseminated from a
primary tumor, through a true metastatic process, might respond to a
distant surgical wound. In addition, although our experimental model
system demonstrates the ability of surgical wounding to overcome im
munologically imposed dormancy, our study cannot directly address
how surgery would affect other postulated mechanisms of metastatic
dormancy, such as the lack of sufficient angiogenesis or the intrinsic
quiescence of tumor cells in a foreign and potentially inhospitable
tissue microenvironment (2). Each mechanism of dormancy has its
own complex features, and how these will be affected by the systemic
consequences of surgery cannot be predicted. Nonetheless, TAMs—
derived from the circulating inflammatory monocytes—have been
demonstrated in other studies to promote tumor angiogenesis and
to secrete tumor-promoting mitogens (53–55). Hence, it is reasonable to expect that the inflammatory myeloid cells mobilized in
response to surgical wounding might additionally expedite the outgrowth of tumor cells that are held in check by alternative mechanisms of dormancy.
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Can wound healing worsen metastasis?
Relatively early metastatic recurrence after primary surgical resection is common in breast cancer patients.
This phenomenon could be due to tumor cells released into the circulation during surgery or could be the result of
existing metastatic outgrowth. To distinguish between these possibilities, Krall et al. used a common
wound-healing model in mice harboring breast cancer cells. In this model, there is no surgery to disturb a primary
tumor bed. They discovered that T cells are able to keep distant tumor cells in check, but that inflammation
induced during wound healing may disrupt this delicate balance. Anti-inflammatory treatment reduced metastasis
in the mice, and existing clinical data also suggest that perioperative anti-inflammatories reduced early metastatic
recurrence in breast cancer patients. By separating surgery from resection, these results may explain this curious
clinical occurrence.

