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Macrophages promote epithelial proliferation following
infectious and non-infectious lung injury through a Trefoil
factor 2-dependent mechanism
Li-Yin Hung1, Debasish Sen2, Taylor K. Oniskey1, Jeremey Katzen3, Noam A. Cohen4, Andrew E. Vaughan5, Wildaliz Nieves1,
Anatoly Urisman2, Michael F. Beers3,6, Matthew F. Krummel2 and De’Broski R. Herbert1
Coordinated efforts between macrophages and epithelia are considered essential for wound healing, but the macrophage-derived
molecules responsible for repair are poorly deﬁned. This work demonstrates that lung macrophages rely upon Trefoil factor 2 to
promote epithelial proliferation following damage caused by sterile wounding, Nippostrongylus brasiliensis or Bleomycin sulfate.
Unexpectedly, the presence of T, B, or ILC populations was not essential for macrophage-driven repair. Instead, conditional deletion
of TFF2 in myeloid-restricted CD11cCre TFF2 ﬂox mice exacerbated lung pathology and reduced the proliferative expansion of CD45−
EpCAM+ pro-SPC+ alveolar type 2 cells. TFF2 deﬁcient macrophages had reduced expression of the Wnt genes Wnt4 and Wnt16
and reconstitution of hookworm-infected CD11cCre TFF2ﬂox mice with rWnt4 and rWnt16 restored the proliferative defect in lung
epithelia post-injury. These data reveal a previously unrecognized mechanism wherein lung myeloid phagocytes utilize a TFF2/Wnt
axis as a mechanism that drives epithelial proliferation following lung injury.
Mucosal Immunology (2019) 12:64–76; https://doi.org/10.1038/s41385-018-0096-2

INTRODUCTION
Tissue injury is inevitable, making regeneration fundamental to
evolutionary ﬁtness. Regeneration of epithelia following lung
tissue damage is particularly important, because proximal (airway)
and distal (alveolar) compartments form a dynamic barrier against
environmental stimuli.1 Alveolar gas exchange function is under
constant threat from inspired air containing potentially harmful
chemical, mechanical, and infectious agents. Damage-induced loss
of alveolar type I cells (ATI) would impair lung function, if not
replenished by distal lung stem cells.2–4 Even though the yolk-sac
derived alveolar macrophages (AM) are a major constituent of
distal lung tissue, whether AM or myeloid cells in general are
important drivers of epithelial replenishment following lung injury
is poorly understood.5,6
Classiﬁcation of tissue macrophages (Mφ) into classically
activated (M1) or alternatively activated (M2) subsets only partially
deﬁnes Mφ heterogeneity.7,8 Type 2 cytokines (e.g., interleukin 4
and 13) induce M2 cells that regulate pathogenic inﬂammation9
and purportedly drive repair, but there is scant evidence showing
that M2 cells induce epithelial cell proliferation.10,11 M2 secreted
factors include: Amcase, Arginase I, chitinase-like proteins (Ym1/
Ym2), resistin-like molecule alpha (Relm-α), interleukin 10 and
transforming growth factor beta (TGF-β), all of which are
immunoregulatory, but not necessarily regenerative.12 In certain
contexts, Mφ secrete Wingless-Int (Wnt) glycoproteins,13,14 a
family of regenerative molecules controlling epithelial cell

proliferation, differentiation, and polarity.15 Wnt’s function
through Frizzled receptors for β-catenin-dependent transcription,16 but also signal through non-canonical pathways that rely
upon calcium/calmodulin-dependent protein kinases (e.g.,
Camkk2b). Irrespective of the pathway engaged, whether speciﬁc
cytokines or epithelial secreted factors induce Mφ to produce
Wnt’s or other epithelial regenerative molecules is unknown.
Trefoil factor family (TFF1, TFF2, TFF3) molecules are small,
reparative cytokines (6–18 kDa) that promote rapid movement of
epithelia over denuded basement membrane.17 Mouse strains
deﬁcient for Tff1, Tff2, or Tff3 possess constitutive defects in
gastrointestinal (GI) barrier function,18–20 but the critical source(s)
and function(s) for TFF’s in non-GI tissues are unclear. Even though
Tff2 can be produced by gastric epithelia, peritoneal macrophages
and splenic T lymphocytes,21 how this molecule regulates
epithelial repair is understudied. Tff2 deﬁciency in all of its
potential cellular sources exacerbated lung damage caused by the
murine hookworm Nippostrongylus brasiliensis (N.b.), and recent
data shows that both BM-derived and nonBM-derived TFF2 drives
repair.22,23 Moreover, recent demonstration that myeloid cells
inﬂuenced by Type 2 immune responses (i.e., IL-4Ralpha signaling)
regenerate lung following partial pneumonectomy,24 prompted
speculation that Mφ could repair damaged lung tissue by
producing TFF2.
This study demonstrates myeloid-speciﬁc deletion of TFF2
impairs epithelial proliferation in three different models of lung
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injury. Surprisingly, we found no evidence for interleukin 4
receptor alpha (IL-4Rα) expression in lung repair, suggesting the
classical model of M2 polarization as pro-reparative is extremely
context dependent.10 Recombination activating gene/common
gamma c chain deﬁcient (RAGγc-/-) animals also had no defects in
epithelial proliferation post-injury, indicating that neither adaptive
lymphocytes or ILC were required in these systems. Instead,
macrophages could directly promote epithelial proliferation in the
absence of other cell types in a co-culture system containing
either tracheal or alveolar type 2 cells (AT2). One demonstrated
mechanism was that myeloid-intrinsic TFF2 was required for
myeloid-derived Wnt gene expression (Wnt4 and Wnt16). Indeed,
Wnt protein administration restored AT2 proliferation in myeloidspeciﬁc TFF2 mutants. This work supports a model wherein
myeloid-epithelial cell interactions induce epithelial cell proliferation to restore damaged pulmonary tissue.
RESULTS
Proliferation of lung epithelia following hookworm-induced injury
depends on the presence of lung macrophages
En route to the intestine, migratory hookworm larvae transiently
damage alveolar architecture,25 but how pulmonary tissue repairs
is unknown. Type 2 cytokines such as IL-4 and IL-13 are considered
key mediators of wound healing, at least in part, through driving
M2 macrophage polarization.12 N.b. infection causes a transient
petechial lung injury that peaks by d3 and resolves by d9 (Fig. 1a),
therefore we postulated that M2 proliferative expansion was prerequisite for repair of N.b.-damaged lungs, as IL-4 drives Mφ
proliferation in situ.26,27 Immunoﬂuorescence lung tissue staining
for Chitinase like 3/Ym1 (a M2 marker)10 and Ki-67 (cell-cycle
protein) were used to decipher whether M2 cells underwent
proliferative expansion following hookworm injury (Fig. 1c and
Supplemental Fig. 1a-b). Data show that from pre-infection to d9
post-infection the overall Ki-67+ cell numbers accumulated during
the course of infection while numbers of Ym1+ cells remained
somewhat similar (Fig. 1b, c). Proliferating Mφ, (Ym1+/Ki-67+)
were detected between d3–9, but most of the Ki-67+ cells in the
lung did not co-express Ym1 (Fig. 1b–e). Thus, contrary to
expectation, most of the proliferating cells within hookwormdamaged lungs were not M2 cells.
We asked whether the non-myeloid cells that were Ki-67+ were
epithelial cells because hookworm infection causes a defect in
pulmonary gas exchange.28 To determine whether lung epithelia
were indeed entering the S-phase during the recovery from
hookworm-injury, we devised a ﬂow cytometry strategy (Supplemental Fig. 1c) that utilized either an EdU or BrdU pulse at 24 h
prior to euthanasia on different days post-infection (d0,1, 3, 5, 7,
and 9) followed by identiﬁcation of cells that were (BrdU+, CD45−,
EpCAM+) using ﬂow cytometry. Data show that the percentages of
BrdU+, EpCAM+ cells increased 3-fold over baseline at d3 and 19fold between d5−7 post-infection (Fig. 1f, g). Strikingly, the
infection-induced increase in proliferating epithelia was unabated
in IL-4Rα-/- and recombination activating gene 1/common gamma
c chain (RAGγc-/-) deﬁcient strains (Fig. 1h). These data indicated
that the proliferative expansion of epithelia following N.b.
infection did not require IL-4/IL-13 responsiveness, T, B, or ILC
populations.
To address whether local tissue Mφ regulated epithelial
proliferation in the damaged lung tissue, mice were generated
to co-express the reverse tetracycline-controlled transactivator
(rtTA) under control of the human CD68 promoter with a
diphtheria toxin A transgene under control of the tetracycline
operator (TetO-DTA). This strain (referred to as CD68-DTA) was
compared to single transgenic CD68rtTA controls (CD68). The
speciﬁcity and duration of Mφ deletion in this strain following
systemic tetracycline administration has been previously
described.29 To conﬁrm that lung Mφ depletion could be achieved
Mucosal Immunology (2019) 12:64 – 76

during N.b. infection, CD68 and CD68-DTA mice were administered 250 ng intranasal (i.n.) anhydrotetracyline (Ahtet) on day’s
−4, −2, 0, and 2 post-infection. Analysis at d4 post-infection
demonstrated selective deletion of two populations within lung
digests: (a) auto-ﬂuorescent, CD11c+, Siglec-F+ and (b) CD11blow/
med
, MHCII+, CD103- cells, indicating selective depletion of AM and
interstitial macrophages (IM), respectively (Fig. 2a, b). Using this
Mφ depletion protocol, data showed that in comparison to CD68
controls, proliferating SPC+ epithelia (ATII cells) in parasitized
CD68-DTA mice were 3-fold reduced by d3 and 4-fold reduced
between d5 and d7 post-infection (Fig. 2c, d). Lung Mφ depletion
had no impact upon worm expulsion from the intestine (data not
shown).
Next, blood oxygen content (SpO2) was measured to determine
if lung Mφ affected the ΔSpO2 levels at d3–9 post-infection. Data
show that although the d3 SpO2 nadir was equivalent between
strains, CD68 controls rapidly recovered following worm egress,
whereas CD68-DTA mice remained 10% lower than baseline at
both d7 and d9 (Fig. 2e), indicating an important role for Mϕ in
promoting lung repair following hookworm infection.
Lung TFF2 expression is induced by hookworm infection in the
absence of IL-4 receptor
Mφ can be a direct source of various repair proteins13,14 and since
Tff2 was induced in N. brasiliensis-infected lungs in the absence of
IL-4Rα signaling (Supplementary Figure 1e), subsequent experiments addressed whether myeloid-derived TFF2 was involved in
lung repair. TFF2 conditionally deﬁcient mice on a C57BL/6
background were generated by expressing an internal ribosomal
entry site-ﬂuorescent tandem dimer (td)-Tomato cassette (IRES-TdTomato) immediately following the stop codon in exon 4 of Tff2,
with two loxP sites ﬂanking exons 2 and 3′UTR (Fig. 3a and
Supplementary Figure 2a). TFF2-tdTomato ﬂox mice (designated
“Tre-Tom”) had no gross abnormalities and were born at the
expected female:male ratios. Site-speciﬁc recombination and
germ-line transmission were conﬁrmed by Southern blot (Supplementary Figure 2b). As expected, Tff2 mRNA was constitutively
expressed in a small population of Td-tomato+ gastric epithelial
cells sorted from the stomach tissue of naive Tre-tom mice
(Supplementary Figure 2c and data not shown), which was
consistent with Tff2 expression in the stomach.30
To evaluate the Tff2 expression in the pulmonary compartment,
300 μm sections of agarose-ﬁlled lung tissue were prepared using
established methods31 and subjected to confocal imaging under
steady-state and infectious conditions. Whereas baseline Tdtomato expression was sparse, but punctate within the distal
lung compartment under steady-state conditions (Fig. 3b), there
were large, focal aggregates of Td-Tomato+ cells within the
alveolar compartment at d4 following hookworm infection (Fig. 3c,
d). These data indicated that infection-induced an increase of TFF2
expression occurred within large cells in the alveoli. Based on their
morphology and location, we hypothesized that some of these
large TFF2 positive cells were of a hematopoietic lineage.
CD11c-mediated TFF2 deletion impairs epithelial proliferation
following infectious lung injury
CD11cCreTFF2ﬂox mice were generated through intercross
between Tre-tom and CD11cCre strains to test whether myeloidderived TFF2 was biologically important.32 Real-time PCR was used
to compare Tff2 mRNA transcript levels between TFF2 deﬁcient,
CD11cCreTFF2ﬂox and CD11cCre controls in four distinct FACSsorted lung populations: lung epithelia (CD45-EpCAM+), AM
(CD64+, CD11b−, CD11c+), IM (CD64+. CD11b+, CD11c−), and
CD103+DC (CD64−, CD103+, CD11c+). (Gating strategy for the cell
sorting is shown in (Supplementary Figure 3a). Results show that
AM underwent infection-induced Tff2 expression by d4 postinfection (Fig. 3e, f). TFF2 was also evident in CD103 DC and
interstitial macrophages and expression was lost in
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Fig. 1 Epithelial proliferation after Nippostrongylus brasiliensis (N.b.) infection. a Representative photographs of lung tissues from naive or
infected WT C57BL/6 mice at various time-points following subcutaneous infection of 650 L3 N.b.. Arrows point to focal areas of hemorrhagic
injury. All images were taken at 20x with Dino-Lite Pro Digital Microscope via Dino Capture 2.0 software. b Quantiﬁcations of Ym1+, Ym1+Ki67+, and Ki-67+ during N.b. infection. For each time-point, 5 randomly selected ﬁelds under 20x were counted. c Kinetic analysis of Ym1 (Cy2)
and Ki-67 (Cy3) immunostaining within FFPE distal lung tissues of naïve or N.b.-infected mice at the time-points indicated. 200x magniﬁcation.
d, e Images of d d3 and e d7 post-infection lung tissues at 400×. Yellow arrowheads indicate Ki-67+ cells and red arrowheads indicate Ki-67+
/Ym1+ co-staining, respectively. DAPI counterstain is shown in blue. f Pseudo-color ﬂow plots showing distal lung total live CD45 neg cells
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Fig. 2 Myeloid cells are required for epithelial proliferation after N.b. infection. Anhydrotetracycline (Ahtet) was administered i.n. (250 ng/
dose) on d-4, d-2, d0, and d2 of N.b. infection protocol: a Flow cytometry plots showing deletion speciﬁcity within whole lung digests and
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CD11cCreTFF2ﬂox mice (Supplementary Figure 3b). Curiously, Tff2
transcripts were higher in lung epithelia sorted from
CD11cCreTFF2ﬂox mice than epithelia in CD11cCre controls (Fig. 3e,
f), suggesting a compensatory Tff2 up-regulation in epithelial cells
due to deletion in the myeloid compartment.
CD11cCreTFF2ﬂox mice had a reduced percentage of BrdU+ cells
within alveolar type 2 cell populations (CD45−. EpCAM+, proSPC+) when compared to CD11cCre controls at day 9 postinfection (Fig. 3g and Supplementary Fig 4a). SpO2 levels were
signiﬁcantly lower in CD11cCreTFF2ﬂox mice at d9 post-infection,
implying a defect in lung function rebound (Fig. 3h). Concerning
the initial injury caused by larvae, the BAL RBC numbers were
increased at day 3, reﬂective of more severe injury in
CD11cCreTFF2ﬂox mice compared to CD11cCre controls (Supplementary Figure 4b). The alveolar space within infected
Mucosal Immunology (2019) 12:64 – 76

CD11cCreTFF2ﬂox mice was markedly larger than CD11cCre controls
evidenced by areas of enlarged airspace (Fig. 3i) suggesting that
resolution of hookworm injury that was abnormal in
CD11cCreTFF2ﬂox mice.
Next, the bleomycin model of lung injury was used to
determine whether myeloid-derived TFF2 was important for lung
repair in a non-infectious context lacking excess Type 2 cytokine
production.33 Acute cytotoxicity of bleomycin causes severe
alveolar cell damage, transient weight loss, pulmonary inﬂammation, and chronic collagen accumulation.2 Bleomycin treatment
transiently increased BAL TFF2 levels in both mouse strains,
whereas CD11cCre controls underwent a 3-fold increase at d9, this
early induction was reduced by myeloid-speciﬁc TFF2 deﬁciency
(Fig. 4a). On the other hand, CD11cCreTFF2ﬂox mice produced
higher TFF2 levels than CD11cCre controls by d16, suggestive of
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compensatory production from a non-myeloid source at later
stages when ﬁbrosis occurs (Fig. 4a). CD11cCreTFF2ﬂox animals
experienced a transient, but signiﬁcantly greater weight loss than
CD11cCre controls during the acute injury phase, but subsequently
recovered in the latter phase (Fig. 4b). At day 9, the total protein
levels in BAL ﬂuid is higher in CD11cCre TFF2ﬂox (Fig. 4c); also, the
CD45−EpCAM+ BrdU+ pro-SPC+ population of lung epithelia were
signiﬁcantly reduced in percentage from CD11cCreTFF2ﬂox mice
compared to CD11cCre mice (Fig. 4d), concordant with signiﬁcantly
reduced mRNA expression levels for Spc (encoding surfactant
protein C) and Cc10 (encoding Clara cell 10 kDa protein) at d9
(Fig. 4e, f). Taken together, these data demonstrate that lack of
myeloid-derived TFF2 reduced epithelial proliferation during
recovery from bleomycin injury.
Mφ promote epithelial regeneration through a TFF2-dependent
mechanism
To determine whether Mφ-driven epithelial proliferation following
injury was direct or indirect processes, a co-culture system was
developed to isolate the Mφ-epithelial cell interaction in vitro. This
system, referred to as the macrophage-epithelial repair assay
(MERA) utilized primary mouse airway epithelial cells cultured
under bi-phasic conditions (i.e., air-liquid interface) in transwell
Mucosal Immunology (2019) 12:64 – 76

inserts with bone marrow Mφ (BMMφ) attached to the basolateral
surface directly underneath. The two cell populations were
separated across a semi-permeable barrier (10 μm thick with pore
size 0.4 μm) and evaluated following a pipet-mediated scratch
wound to the epithelial monolayer (Fig. 5a). Tracheal epithelia
were initially used due to the high trans-epithelial cell resistance
(TER) levels (generally > 1000 Ω). As expected, Mφ cultured alone
lacked electrical resistance, but epithelia cultured alone maintained TER levels over 1000 Ω (Fig. 5b).
Upon injury, Mφ signiﬁcantly accelerated the TER rebound
following pipet-mediated scratch because Mφ-epithelia cocultures resulted in 100% restoration of baseline TER levels by
d3, further increasing to 130% by d4 post-scratch (Fig. 5c).
However, in the absence of Mφ, the epithelia only recovered 65%
of baseline TER levels by d4 post-injury (Fig. 5c). The ability of Mφ
to promote TER rebound did not require rIL-4 or rIL-13
administration, nor were any defects in TER recovery observed
using IL-4Rα-/- Mφ (Fig. 5d). In contrast, using TFF2 deﬁcient Mφ
reduced the re-epithelialization rate and resulted in only 45–50%
TER restoration by d4 post-wounding (Fig. 5e). Detectable levels of
TFF2 protein were found in MTEC supernatant lacking Mφ, but the
presence of Mφ increased supernatant TFF2 levels 2-fold (Fig. 5f).
To determine whether epithelial barrier restoration and
proliferation were functionally linked, BrdU incorporation was
assessed on MTEC harvested on d4 and gated on EpCAM+,
junctional adhesion molecule-1 (JAM-1+) cells to ensure evaluation of mature epithelial cells devoid of macrophages (Fig. 5g). Of
the live EpCAM+ cells recovered from the apical side of the
transwell insert, (Supplementary Figure 4c), only low levels of
epithelial proliferation occurred in cultures lacking Mφ, but the
BrdU+ epithelial population increased 7-fold with WT Mφ (Fig. 5h,
i). TFF2-/- Mφ promoted a moderate increase in proliferation over
cultures lacking Mφ, but IL-4Rα-/- Mφ stimulated an 8-fold increase
in BrdU+ epithelia over cultures lacking Mφ (Fig. 5j, k). In the
absence of Mφ, rTFF2 treatment increased proliferation only 2-fold
(Fig. 5l, m). Application of rTFF2 alone (without Mφ) signiﬁcantly
accelerated TER rebound over the scratched, mock-treated
cultures (Fig. 5n). Moreover, WT alveolar macrophages (AM)
signiﬁcantly accelerated TER restoration, but TFF2-/- AM were less
able to promote repair, whereas lack of TFF2 within the epithelia
impaired TER rebound irrespective of the AM genotype (Fig. 5o).
To address whether macrophages also promoted recovery of
epithelia population relevant to the distal lung compartment,
primary alveolar type 2 (AT2) cells were used instead of MTEC. In
this setting, WT Mφ also induced greater EdU incorporation
(Fig. 5p, q) and TER recovery (Fig. 5r) than TFF2-/- Mφ. Taken
together, Mφ induced recovery of epithelial barrier function and
also epithelial proliferation through TFF2-dependent mechanism.
Macrophage-derived TFF2 is necessary for myeloid derived noncanonical Wnt expression
To further understand the mechanism acting downstream of TFF2
expression in myeloid cells, RNA-sequencing was completed on
WT or TFF2-/- BMMφ recovered from MERA at d4 and compared to
reads obtained from naïve BMMφ exposed to quiescent MTEC.
TFF2 mRNA transcripts were not different between WT Mφ
exposed to intact or damaged epithelia (not shown), but we found
that WT Mφ exposed to damaged MTEC up-regulated canonical
M2 genes such as: Mgl2, Socs2, and Arg1 (Supplementary
Figure 5a). However, comparison of RNA transcripts between WT
and TFF2-/- Mφ that were both exposed to damaged MTEC
revealed that Camkk2b expression was signiﬁcantly (>2-fold)
under-represented in TFF2-/- Mφ (Supplementary Figure 5b).
Because Camkk2b is implicated in the calcium dependent pathway
for Wnt glycoprotein expression,34,35 which in turn regulates
multiple aspects of epithelial cell biology, we reasoned that Mφderived TFF2 may promote epithelial repair, at least partially, via
regulating Wnt expression.
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To test this hypothesis, cDNA-derived from different Mφ
populations recovered from d4 of MERA were screened against
a panel of 84 different Wnt pathway genes. Wnt4a and Wnt16
were 2-fold increased in WT Mφ exposed to damaged epithelia vs.
WT Mφ exposed to non-scratched, quiescent epithelia (Fig. 6a).

Remarkably congruent with our hypothesis, Wnt4a and Wnt16
were both 2-3-fold reduced in Tff2-/- Mφ exposed to injured
epithelia compared to WT Mφ exposed to injured epithelia
(Fig. 6b). Inoculation of WT MERA cultures with anti-Wnt4 Ab
abrogated the TER rebound compared to control IgG treatment
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Fig. 5 The macrophage-epithelial repair assay (MERA) reveals that macrophage intrinsic TFF2 drives epithelial proliferation and barrier
restoration. a Schematic showing MERA conceptual design. b Trans-epithelial resistance. (TER) values of transwell inserts containing primary
tracheal epithelia or bone marrow macrophages (BMMφ) cultured alone. c TER values following scratch wounding of epithelia in the presence
or absence of WT BMMφ. d, e TER values following epithelial injury in the presence of d WT vs. IL-4Rα-/- BMMφ and e WT vs. TFF2-/- BMMφ.
f Levels of TFF2 in MERA cultures with no BMMφ, WT BMMφ, TFF2-/- BMMφ or IL-4Rα-/- BMMφ. Symbols represent individual wells. g Gating
strategy to identify live epithelial cells recovered from MERA wells that express junctional adhesion molecule (JAM)-1 (R1). h–l Representative
ﬂow plots showing BrdU incorporation in R1 from “g” on d4 post-scratch wounding h in the absence of Mφ or in the presence of i WT BMMφ,
j TFF2-/- BMMφ, and k IL-4Rα-/- BMMφ. l BrdU incorporation on d4 post-scratch wounding following treatment with 0.5 ng/ml rTFF2 in the
absence of BMMφ. m Quantiﬁcation of BrdU+ epithelial cells as identiﬁed in h–l. n = 3–6/group. n TER values after scratch wounding of
epithelia in the presence of rTFF2 (0.5 or 5 ng/ml). o TER values following scratch wounding of WT vs. TFF2-/- epithelia in the presence of WT or
TFF2-/- alveolar macrophages. p, q MERA using AT2 co-cultured without BMM or with WT vs. TFF2-/- BMM. p Flow plots and q quantiﬁcation of
EdU+ cells. r TER values following scratch in wells with WT vs. TFF2-/- BMM. Data represent 2–4 independent experiments. *p < 0.05; **p < 0.01,
and ***p < 0.005 as determined by one-way ANOVA or t-test

(Fig. 6c). Real-time PCR quantiﬁcation of Wnt4 and Wnt16 mRNA
transcript levels in CD103+ DC, IM, and AM populations FACSsorted from lung tissues of WT and Tff2-/- mice at 4d post N.b
(Supplementary Figure 3a) conﬁrmed that TFF2 deﬁciency
impaired Wnt4 expression in AM (Fig. 6d, e), but did not alter
mRNA expression for Arg1, Retnla and Nos2 (Supplementary
Figure 5c-e).
To conﬁrm that non-canonical Wnt signaling functioned in the
same pathway as TFF2 in the context of N.b.-induced lung injury,
CD11cCre and CD11cCreTFF2ﬂox mice were administered either an
rWnt4/Wnt16/R-spondin1 cocktail (1 μg) or saline control (vehicle).
At d4 post-infection, rWnt4/Wnt16/R-spondin treatment caused a
2-fold increase in the percentage of EpCAM+BrdU+pro-Spc+ cell
populations recovered from the distal lung compartment of the
CD11cCreTFF2ﬂox mice (Fig. 6f, g). No increased BrdU incorporation
was noted in R-spondin only treated animals (Supplementary
Figure 5f). These data imply that Wnt4/16 act downstream of TFF2
as part of Mφ −driven repair processes that restore damaged
epithelia.
DISCUSSION
Lung disorders affect millions worldwide, including sufferers of
asthma, allergic rhinitis, bronchitis, COPD, lung cancer, emphysema, and pulmonary ﬁbrosis.2 Persistent epithelial cell injury
caused by smoking, allergens, pollutants, particulates, and
pathogens all predispose towards chronic lung pathology.1 The
prevailing hypothesis is that defective epithelial repair drives lung
disease progression.36 Whereas epithelial-intrinsic mechanisms for
regeneration have been a major focus, the question as to whether,
and if so, how leukocytes may regulate these processes is less well
understood. Mφ seem a likely candidate, but there is debate over
whether these cells are necessary for mucosal tissue repair.37
Herein, we demonstrate that Mφ signiﬁcantly accelerate the repair
of damaged respiratory epithelia in three different experimental
systems. Repair of lung injury did not require an intact IL-4Rα, nor
did it require the presence of T, B, or ILC subsets, although T
regulatory lymphocytes (Treg) can promote lung repair in the
context of LPS-induced injury.38 Also, the mechanism seemed
independent of M2 cells or ILC,39 suggesting that stereotyped
polarization is only necessary for lung tissue repair in certain
contexts. Recently, Lechner et al. reported that lung regeneration
post-pneumonectomy did require M2 and ILC2, further indicating
the importance of biological context.24 Instead, our data show Mφ
induced epithelia to proliferate through TFF2 production, a
cytokine previously considered released only from damaged
epithelia. Thus, lung Mφ are an important ancillary source of this
critical reparative cytokine.
Mφ reside in virtually every organ, where tissue-speciﬁc cues
instruct unique transcriptional signatures in resident and emigrant
Mφ to facilitate host defense, immunoregulation, and tissue
homeostasis.40 Lung Mφ (AM and IM) have been long recognized
as immunosuppressive cells that mediate efferocytosis, and
Mucosal Immunology (2019) 12:64 – 76

phagocytic clearance of inhaled particles and pathogens. Communication between AM and alveolar epithelia enforces an
immunosuppressive lung environment,41 but whether such crosstalk regulates epithelial proliferation remained obscure. AMderived TGF-β promotes Foxp3+Treg expansion,42 but TGF-β
promotes ﬁbrosis and restricts epithelial cell proliferation.43 Thus,
our demonstration that lung Mφ deletion reduced both epithelial
proliferation and the rebound in lung function prompted our
investigation of Mφ-derived molecules that induced lung repair.
Hookworms damage alveolar architecture during their circuitous migration from skin to GI tract, which is ideal to study
infectious lung injury. N.b. larvae enter the lung within 24 h and
cause petechial hemorrhage for 3 days before parasites egress to
infest the GI tract.44,45 IL-4Rα-driven M2 cells suppress pulmonary
IL-17 responses during N.b infection,46 but whether Type 2
responses also promoted lung tissue regeneration was unclear.
We found that IL-4Rα deﬁciency did not reduce infection-induced
epithelial proliferation or barrier restoration, implying that IL-4Rαdependent M2 cells were non-essential for these processes.
However, RNAseq analysis revealed M2-associated gene induction
following exposure to damaged epithelia indicating that Mφ can
“sense” tissue damage and undergo prototypical M2 polarization.
Hookworm injury induced TFF2 expression within large mononuclear cells in a pattern similar to hemorrhagic spots caused by
the larvae. In fact, Tff2 mRNA transcripts were induced in multiple
myeloid populations upon hookworm infection (AM, IM, and 103+
DC). Tff2 mRNA expression has been noted in spleen and
leukocyte populations and most recently in memory CD4+
T cells.21 Because larvae signiﬁcantly disrupt alveolar architecture,
it is conceivable that replacement of dead/damaged AT1 cells
requires proliferative expansion of distal lung progenitors.
Although there are technical caveats with the use of ﬂow
cytometry and planimetry leaving stereology as the sole approach
recommended by the American Thoracic Society for quantitation
of epithelial cell number and potentially ATII expansion,47 we
demonstrated that AT2 proliferation was impaired in the context
of hookworm injury. Bleomycin-treated CD11cCreTFF2ﬂox mice had
a transient reduction of TFF2 levels, increased lung injury, greater
weight loss, and defective expansion of AT2 cells as compared to
CD11cCre controls. Defective expansion of AT2 suggests that TFF2
derived from myeloid cells may regulate alveolar cell progenitor
biology. In support of this notion, TFF2 transactivates GATA6,48 a
transcription factor that drives epithelial stem cell development in
the airway.49 We speculate that lung Mφ enter a regenerative
stem cell niche, perhaps with lipoﬁbroblasts50 similar to how
intestinal Mφ reside at stem cell niches of intestinal crypts to
facilitate regeneration.51
Our data show that TFF2 did not drive strong proliferation
per se, but was required for expression of Mφ-derived Wnt4 and
Wnt16. Reconstitution experiments demonstrated that Wnt4/
Wnt16 increased AT2 proliferation in CD11cCreTFF2ﬂox mice, but
not the CD11cCre controls, further suggesting that Wnt production
was downstream of TFF2. Wnt signaling serves a major role in lung

71

Macrophages promote epithelial proliferation following infectious and. . .
L-Y Hung et al.

72

Wnt4a
Fzd6

Wnt16

10–1

Fzd6

Wnt4
10–3
Wnt16
10–1

–4

–2
0
2
Log2 (Fold-change)

d

4

–4

–2
0
2
Log2 (Fold-change)

0.15
0.10
0.05
0

CD103+ DC

IM

f

10 5

10

4

4

10

0
10

TFF2 KO
0.010
0.005
0

pro-SPC

IM

AM

g

10

3

10

2

3

10

4

10

5

0 10

2

BrDU

CD11cCre
TFF2flox

4

CD11cTreTom

0
2

3

WT

0.015

CD 11c

0 10

2

Days

Cre

2

1

**

Wnt4/Wnt 16
+ R-spondin

5

10

**

0

CD103+ DC

10

3

1000

0.020

AM

PBS

10

2000

Wnt16

Gene/Gapdh(×1000)

0.20

Control IgG
anti-Wnt4

4

e

*

Wnt4
0.25

Gene/Gapdh (×100)

3000
TER (Ω cm2)

Myc

10–3

c

TFF2–/–/WT
scratched

10–5

P value

10–5

P value

b

WT
scratched/intact

10

3

10

4

10

5

BrDU

10

5

10 5

10

4

10

10

3

10 3

10

2

10

% CD45 -EpCAM+ pro-SPC+
cells that are BrdU+

a

20

***
**

15
10
5
0

PBS

Wnts
CD11cCre
CD11cCreTFF2flox

4

2

0

0
0 10

2

10

3

10

4

10

5

0 10

2

10

3

10

4

10

5

BrDU

Fig. 6 TFF2 is necessary for myeloid-derived non-canonical Wnt4 and Wnt16 expression. a, b Volcano plots showing results of a cDNA-based
screen for Wnt pathway target genes expressed as the fold-difference between a WT Mφ exposed to damaged or quiescent epithelia and
b between WT Mφ vs. TFF2-/- Mφ exposed to damaged epithelia. BMMφ were recovered at d4 of MERA for analysis. Each point represents
mean of three biological replicates. c TER values during MERA with WT Mφ in the presence of anti-Wnt4a mAb or control IgG. d, e Flow-sorted
AM, IM and CD103+DC from WT or TFF2 KO lungs at d4 after infection were analyzed for mRNA levels of d Wnt4 and e Wnt16. f Representative
ﬂow plots and g quantiﬁcation of BrdU+SpC+ epithelia from distal lung digest cells pre-gated on the live, CD45-, EpCAM+ population for each
designated genotype following i.n. administration of rWnt4/16 + R-Spondin 1 cocktail (1 μg/mouse, 2 doses) or saline and analyzed by ﬂow
cytometry at d4 following N.b. infection (n = 5/group). Graphs show Mean ± SEM. *p < 0.05; **p < 0.01; and ***p < 0.005 as determined by
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pulmonary regeneration in the context of development and postinjury.3,4 Wnt4 promotes mammalian lung development52 and
induces Wnt16 transcription, suggesting that these molecules
work in a concerted manner.53 Fibroblasts have been shown to
exist in a regenerative niche with ATII cells to stimulate Wnt
production.54 Recently it was shown that a sub-population of
airway epithelial progenitors within the ATII population are driven
to expand under Wnt signaling.55 However, our study is the ﬁrst to
implicate myeloid derived Wnt production, namely Wnt4 and
Wnt16 as an additional mechanism of lung repair. Our results are
consistent with data from other systems showing that Mφ-derived

Wnt’s regulate ocular development, hepatocyte speciﬁcation, and
regeneration of kidney and intestine.13,56–58
Mφ-derived regenerative factors may also drive malignant
neoplasms. TFF2 is a negative prognostic indicator for certain
tumors59 and although TFF3, rather than TFF2, is an important
biomarker of human lung cancer,60 it is plausible that a TFF2/Wnt
axis can drive tumor progression. Humans with TFF2 polymorphisms that disrupt the trefoil domain have enhanced survival rates
during cholangiocarcinoma suggesting that TFF2 may augment
tumor cell growth or metastasis.61 Coincidentally, most tumors in
cholangiocarcinoma patients contain Wnt-expressing tumor
Mucosal Immunology (2019) 12:64 – 76
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associated macrophages.62 We propose that autocrine TFF2
induces its own expression,63 promoting Camkk2b-dependent
non-canonical Wnt production for regeneration of nearby
epithelial precursors; a mechanism that drives repair of tissue
damage caused by worms and cytotoxicity caused by chemicals.
In summary, we propose that epithelial cell proliferation and
epithelial barrier restoration are accelerated by tissue Mφ through
a TFF2-dependent mechanism. TFF2, in turn endows Mφ with the
ability to produce molecules that include, but are not limited to,
non-canonical Wnt’s that induce epithelial cells to expand within
damaged lung tissue. It is likely that similar mechanisms promote
tissue repair at other mucosal surfaces.
METHODS
Animal procedures
Tet-DTA mice (B6.Cg-Tg(tetO-DTA)1Gﬁ/J, CD11c-Cre (B6.Cg-Tg
(Itgax-cre)1-1Reiz/J), CD68-rtTa mice (B6.Cg-Tg(CD68-rtTA2S*M2)
3Mpil/Mmjax) were from the Jackson laboratory. C57BL/6 IL-4Rα−/−
and TFF2−/− mice have been described previously.9,22 Tff2
conditional knock-out td-Tomato ﬂuorescent reporter mice (Tretom) generation in C57BL/6 E/S and FLP recombinase breeding
was performed by genOway (Lyon, France). All studies were
conducted with mice on the C57BL/6 background bred in house
under speciﬁc-pathogen free barrier conditions at the San
Francisco General Hospital or Univeristyof Pennsylvania vivarium.
Mice used in experiments were between 6 and 12 weeks-old and
all procedures were reviewed and approved by Institutional
Animal Care and Use Committee at University of California at San
Francisco (Protocol# AN109782-01) and the University of Pennsylvania IACUC (Protocol# 805911).
Lung pathology and Bleomycin
Gender-matched mice between 6 and 12 weeks old were placed
in a plexiglass restrainer and given a subcutaneous inoculation of
600–750 larvae per mouse. Infective stage (L3) larvae were
collected from 7 to 14-day old copro-cultures maintained in the
laboratory at 25 °C. Parasites were collected with a modiﬁed
Baermann apparatus and washed three times in sterile PBS
containing Penicillin/Streptomycin prior to. For Bleomycin induced
lung injury, mice were intratracheally instilled with 8.5 U/Kg of
bleomycin sulfate (Millipore) on d0. Body mass was measured
daily until the day of euthanasia as indicated in each experiment.
To assess BrdU/EdU incorporation in both models, mice were
injected i.p. with 2 mg of BrdU or EdU solution (made with PBS)
the 16–24 h before euthanasia.
Tissue macrophage depletion
To deplete lung myeloid cell populations, previously characterized
CD68-rtTA and CD68-rtTAxTetO-DTA strains29 mice were inoculated i.n. with 250 ng of anhydrotetracycline (Sigma-Aldrich,
St. Louis, MO) every other day starting four days before N.b.
infection. Mice treated with equal volume (20 μl) of PBS were used
as controls.
Lung cell isolation
To assess lung epithelial cell proliferation, distal lung digestion
protocol was modiﬁed from work by Chapman et al.64 In brief,
after cardiac puncture, the lungs were perfused with PBS through
the right ventricle to remove blood. Then the lungs were instilled
with 1 ml dispase (20U/ml), followed by 0.2 ml 0.1% liqueﬁed lowmelting agarose. After the agarose hardened, remove the lung
and digest on a shaker for 45 min, then disintegrate the lung with
forceps and incubate for another 10 min on the shaker. At the end
of incubation, collect cells and pass through 100 and 70-μ
strainers sequentially in order to obtain single cell suspension for
ﬂuorescent antibody staining followed by ﬂow cytometry. For the
MERA assay, ATII cell isolation was performed as previously
Mucosal Immunology (2019) 12:64 – 76

described by Atochina-Vasserman et al.65 Mouse lungs were
lavaged, perfused and inﬂated with 0.7 ml dispase (50U/ml, BD
Biosciences) then tied off from the trachea. Isolated lungs were
incubated 30 min at 37 °C, after which individual lobes were
dissected away from large airways and mechanically dissociated
with a McIlwain tissue chopper (Metrohmm USA, Riverview, FL)
then incubate at 37 °C for 10 min in MEM + DNase I (20 μg/ml,
Sigma). Cell digests were sequentially passed through 100 and
40 μm strainers, followed by three rounds of 30 min adhesion on
plastic tissue culture dishes to remove ﬁbroblasts and mesenchymal cells. Non-adherent cells were collected and subjected to
lineage depletion using Dynabeads™ kits (DC enrichment kit and T
cell negative isolation kit, both from Thermo Fisher) to remove
CD45+ cells. Recovered cells were cultured in HITES medium
(Ham’s F12 + 15 mM HEPES + 0.8 mM CaCl2 + 1% ITS Universal
supplement (BD Biosciences)) with 10% FBS + 50 nM Dexamethasone + 0.1 mM 8-Br-cAMP + 0.1 mM IBMX on matrigel (1:10
dilution)-coated 12-well transwell inserts at 250 K/well for 24 h
followed by the addition of recombinant human KGF (10 ng/ml,
Sigma). Cells were cultured for 5-7 days before experiments with
fresh media added every other day.
Confocal imaging of lung slices
For vital laser-scanning confocal imaging 400 µm thick sections of
lungs were prepared as previously described.31 Brieﬂy, mice were
euthanized using a lethal dose of 1.3% tribromoethanol (Avertin,
Sigma-Aldrich) and exsanguinated. Exposed lungs were then intratracheally inﬂated with 1.2 ml of 2.0% low melting temperature
agarose (Fisher Scientiﬁc) at 37 °C, and solidiﬁed with cold PBS
(8–12 °C). The left lobes were isolated, sliced into thick sections
(400 µm) with a Leica Vibratome VT1000S, mounted on plastic
cover slips using Vetbond (3 M), and then imaged on a
temperature-controlled stage (Warner Instruments, Hamden, CT)
maintained at 37 °C, while in constant perfusion with oxygenated
(95% O2; 5% CO2) RPMI-1640 without phenol red. Images were
acquired using a Nikon A1R microscope equipped with an
automated Prior XY stage, following manufacturer’s protocol and
software, and the parameters described here. For excitation a 5 W,
740–1000 nm tunable MaiTai HP (Newport, Irvine, CA) laser was
used. A 20 × 0.95 N.A. water-immersion objective (Olympus
XLUMPLFLN 20XW) was used, and a spatial resolution of 1.13
μm/pixel was achieved. Two µm Z-depth per plane was used for
three-dimensional imaging. Images were recorded using the
galvanometer-based scanning mode. For RFP excitation, 990 nm
and a 650/50 nm emission band pass were used. Following three
ﬁve-minute washes in HBSS, slices were mounted on coverslips
and then imaged. Images were analyzed using Imaris (Bitplane).
SpO2 measurement
Blood oxygen levels were measured by MouseOx pulse oximeter
from Starr Life Sciences (Oakmont, PA) following the manufacturer’s protocol. Lungs were perfused with 10 ml of 1x PBS
through the left ventricle to remove blood from the vasculature
then inﬂated and ﬁxed with 10% buffered formalin at 20 mmHg
using a commercially available system by Braintree Scientiﬁc
followed by overnight ﬁxation in 10% neutral buffered formalin for
ﬁxation and parafﬁn embedding prior to histological staining and
evaluation.
Real time PCR and qPCR array
Total RNA was harvested from tissues or cultured cells using
RNeasy Mini kit (QIAGEN, Hilden, Germany). Real-time PCR
reactions were run on CFX96 real-time PCR detection system
(Bio-Rad, Hercules, CA). Gene expression is normalized to Gapdh
and data were presented as Mean ± SEM from the replicates. The
Wnt pathway RT2 Proﬁler real-time PCR array, RT2 First Strand Kit
and SYBR® Green qPCR Mastermix were all purchased from
Qiagen. Real-time PCR reactions were carried out on Bio-Rad

73

Macrophages promote epithelial proliferation following infectious and. . .
L-Y Hung et al.

74

CFX96 system and data were analyzed using the ΔΔCt method as
recommended in the manual.
Tracheal epithelial cell culture and MERA
Tracheal tissue was resected and perfused overnight with 0.5%
protease (Sigma-Aldrich) in DMEM. On the next day, cells were
ﬂushed out and plated onto MatrigelTM (BD Biosciences, Bedford,
MA)-coated 12-well Transwell chambers (Corning Inc., Corning,
NY) in Ham’s F12 and DMEM (1:1), supplemented with insulin
(5 mg/ml), transferrin (5 mg/ml), epidermal growth factor
(10 ng/ml), dexamethasone (0.1 mM), cholera toxin (10 ng/ml),
bovine hypothalamus extract (15 mg/ml), all-trans retinoic acid
(100 nM), and Rho-associated protein kinase (ROCK) inhibitor
Y27632 (10 mM, STEMCELL Technologies, Cambridge, MA). Cells
were kept in a 37o C incubator with 5% CO2 for one week or until
the trans-epithelial resistance (TER) values reached 1000 Ω as
determined by Millicell ERS-2 Volt-Ohm meter with the ERSS TX03
adjustable electrode set (both from EMD Millipore). MTECs were
switched to an air-liquid interface (ALI) culture condition with
MTEC differentiation media (DMEM and F12 (1:1) media supplemented with 100 U/ml penicillin, 100 U/ml streptomycin, 100 nM
all-trans retinoic acid, and 2% NuSerum (BD Biosciences) for an
additional 1–2 weeks. For MERA assays, bone marrow-derived
hematopoietic cells were cultured in DMEM media supplemented
with 10% FCS and culture supernatant of a mouse M-CSF secreting
cell line. Three days after the initial plating, non-adherent cells
were removed and fresh media were added into the culture. On
day 4–6 macrophages were harvested and used in MERA. On the
day of MERA experiment, Transwell inserts with MTECs were taken
out of the wells and ﬂipped over; macrophages were plated on
the side opposite to MTECs and allowed 2 h for attachment at
37 oC. At the end of incubation period, the bottom side of inserts
was rinsed gently with warm PBS before placed back to the plate.
Cells were cultured in MTEC differentiation media (without alltrans retinoic acid) plus rMCSF containing supernatant (1:10–1:25)
for up to 4 days during MERA. TER was measured daily with
Millicell ERS-2 Volt-Ohm meter (EMD Millipore, Billerica, MA). For
anti-Wnt4 treatments, a mixture of 20 ug/ml of polyclonal goat
anti-mouse Wnt4 (R&D Systems AF475) and 20 μg/ml of rat antimouse Wnt4 IgG2a (R&D Systems MAB475) was added to basolateral side of MERA wells on day 0 and day 2 of experiments. As
control, a mixture of normal goat IgG (R&D Systems AB-108-C) and
rat IgG2a (clone GL117) at the same concentration was added. For
BrdU/EdU incorporation assays, cells were treated with 10 μM
BrdU/EdU solution 16 h before harvesting.
Flow cytometry and immunohistochemistry
All the following antibodies were purchased from BioLegend (San
Diego, CA): rat anti-mouse CD31 (clone 390), rat anti-mouse CD45
(30-F11), rat anti-mouse CD49f/6 integrin (GoH3), rat anti-mouse
CD104/4 integrin (346-11 A), rat anti-mouse F4/80 (BM8), rat antimouse Ly6C (HK1.4),rat anti-mouse Ly6G/Gr1 (RB6-8C5), Ly6C
(1A8), and rat anti-mouse CD326/EpCAM (G8.8). Hamster antimouse Podoplanin/T1 (eBio8.1.1), rat anti-mouse CD11b (M1/70),
hamster anti-mouse CD11c (N418), mouse anti-mouse CD45.1
(A20), rat anti-mouse I-A/I-E (M5/114.15.2), and hamster antimouse CD103 (2E7) were purchased from eBioscience (San Diego,
CA). Cell viability was determined by LIVE/DEAD® Fixable Aqua
Stain (Life Technologies). Rat anti-mouse Siglec-F (E50-2440) and
rat anti-mouse CD45.2 (clone 104) were purchased from BD
Biosciences. BrdU staining was performed with BrdU Flow kits
from BD Biosciences following manufacturer’s protocol. Intracellular staining of SpC was achieved by use of rabbit anti-mouse ProSpC (Seven Hills Bioreagents, Cincinnati, OH) in conjunction with
ﬂuorescence-labeled donkey anti-rabbit secondary antibody
(Jackson ImmunoResearch, West Grove, PA). Flow cytometry was
carried out on LSRII or Fortessa (BD Biosciences) with BD FACSDiva
software. Flow-based cell sorting was performed using BD

FACSAria sorter. For immunohistochemistry, perfused lung
tissues were formalin ﬁxed and parafﬁn embedded and sectioned
at 3–5-μ thickness. Polyclonal goat anti-mouse Ym1 (R&D
Systems,) and rabbit anti-mouse Ki67 (AbCam, Cambridge, MA),
with secondary Alexa Fluor 488-donkey anti-goat and Cy3-donkey
anti-rabbit antibody (both from Jackson ImmunoResearch, West
Grove, PA) respectively, were used in co-staining. Hard SetTM
mounting medium containing DAPI was purchased from Vector
Laboratories (Burlingame, CA). Images were acquired on Leica
DM600B microscope with LAS software.
ELISA and BALF total protein
Mouse TFF2 ELISA kit was purchased from United States Biological
(Salem, MA). To assess BALF protein level, mouse lungs were
lavaged with 1 ml PBS after euthanasia and total protein
concentration in BALF was measured using PierceTM BCA protein
assay kit (Thermo Fisher) following the manufacture’s protocol.
Recombinant Wnt treatment
All reagents, including carrier-free recombinant mouse Wnt4,
human Wnt16, and mouse R-Spondin 1, were purchased from R&D
Systems. On the day of Nippostrongylus infection, mice were given
300 ng of each recombinant protein or equal volume of sterile PBS
intranasally. A second dose of mixed Wnts and R-Spondin 1 were
administered on day 2 post-infection.
Statistics
All data points represent biological replicates of experiments
analyzed using Prism (GraphPad, La Jolla, CA). Fluorescence
microscopy images are representative of ﬁve different highpower ﬁelds (hpf) from 3 wild-type C57BL/6 mice. Mean ±
standard error were compared using Student’s t-test for two
groups and one-way ANOVA for three or more groups with
signiﬁcance determined as p < 0.05.
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