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Recent studies have implicated rodent mast cells in the innate immune response to infectious bacteria. We
report that cord blood-derived human mast cells (CBHMC) obtained from culture of cord blood progenitors
phagocytozed and killed various gram-negative and gram-positive bacteria and simultaneously released con-
siderable amounts of tumor necrosis factor alpha. Overall, the extent of the endocytic and exocytic response
of CBHMC correlated with the number of adherent bacteria. Thus, human mast cells are intrinsically capable
of mediating microbial recognition and of actively contributing to the host defense against bacteria.

Mast cells are preferentially found in large numbers at the
interface of the host and environment and are primarily known
for their capacity to secrete significant amounts of pharmaco-
logically active mediators (4–6, 8, 9, 12, 14). They are also an
extremely heterogeneous collection of cells exhibiting striking
differences in morphology and responsiveness to agonists (13,
17, 18, 32). These distinct traits are seen among mast cells from
different species and even among mast cells from different sites
in the same animal (17, 33). Recently, several in vitro and in
vivo studies involving mucosal-type and connective tissue-type
rodent mast cells have suggested that mast cells play a critical
and hitherto unrecognized role in host defense against infec-
tious agents (3, 7, 15, 23, 24). There exist two subpopulations
of human mast cells, some containing measurable amounts of
the neutral proteases tryptase and chymase, and others con-
taining tryptase but no chymase (18, 34). In the present study,
we sought to investigate if cultured CBHMC expressing tryp-
tase but not chymase (2, 29, 31) were capable of recognizing
and responding to different gram-negative and gram-positive
bacteria.

Binding of CBHMC to gram-negative and gram-positive
bacteria. CBHMC were obtained following 10 weeks of culture
of cord blood progenitor cells in the presence of stem cell
factor and interleukin 6 (11). The cells were determined to be
.97% CBHMC from their morphological appearance follow-
ing May-Grünwald-Giemsa staining and by their positivity for
tryptase (10, 28, 29). To examine the binding of CBHMC to
various bacteria, we exposed monolayers of CBHMC grown on
eight-chamber tissue culture slides (Nalge Nunc, Naperville,
Ill.) to suspensions of various bacteria at a ratio of 100 bacteria
to 1 mast cell (22). After 1 or 3 h of incubation, nonadherent
bacteria were removed by gentle rinsing, and the CBHMC
monolayers were fixed and stained. The number of adherent
bacteria on at least 400 CBHMC was determined by light
microscopy. Adherence to the following clinical bacterial iso-
lates was investigated: Citrobacter freundii CI125, Streptococcus
faecium CI126, Staphylococcus aureus CI127, and Klebsiella

pneumoniae CI128. Also included in this study was the labo-
ratory Escherichia coli strain ORN103(pSH2), which expresses
recombinant type 1 fimbriae and its FimH-negative derivative,
ORN103(pUT2002) (21, 22).

CBHMC recognized and bound all clinical strains as well as
the laboratory E. coli strain expressing recombinant type 1 fim-
briae, albeit to various degrees (Table 1). Among clinical strains,
CBHMC bound S. faecium CI126 the most and K. pneumoniae
CI128 the least. Also shown in Table 1 is CBHMC binding of
bacteria after 3 h of incubation. It appears that with the excep-
tion of the FimH-negative mutant and K. pneumoniae CI128,
mast cell binding of bacteria increased substantially with
prolonged incubation. The limited binding of CBHMC to
K. pneumoniae CI128 may be attributable to the large capsular
material coating this bacterium. Although C. freundii CI125
appeared to be encapsulated, it was readily bound by CBHMC.
Thus, the molecular basis for these adhesion reactions is, for
the most part, unclear. Recent studies have shown that rodent
mast cells bound E. coli and several other gram-negative en-
teric bacteria by recognizing the mannose-binding lectin FimH,
which is expressed on their type 1 fimbrial organelles (22). We
investigated whether FimH was the bacterial determinant
recognized by CBHMC by comparing mast cell binding to a
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TABLE 1. In vitro adherence of various bacteria to CBHMC
following incubation at different time intervals

Bacterium

Mean no. of bacteria/
CBHMC (6 SEM) after

incubation fora:

1 h 3 h

S. aureus CI127 4.1 6 2 15.2 6 4
S. faecium CI126 7.6 6 3 16.8 6 3
K. pneumoniae CI128 1.1 6 0.4 1.7 6 0.8
C. freundii CI125 6.5 6 2 11.2 6 4
E. coli ORN103(pSH2) 6.6 6 3 15.1 6 3
E. coli ORN103(pSH2) 1 D-mannose 0.3 6 0.2 0.3 6 0.1
E. coli ORN103(pUT2002) 0.5 6 0.1 0.6 6 0.2

a At least 400 CBHMC were examined for each time point in three different
sets of experiments.
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laboratory E. coli strain, ORN103(pSH2), which expresses re-
combinant type 1 fimbriae and to its FimH-negative mutant de-
rivative, ORN103(pUT2002). Whereas binding of CBHMC to
the FimH-negative bacterium was limited, the level of mast cell
binding to the wild-type strain was remarkably high (Table 1).
Also shown in Table 1 is the almost complete inhibition of
binding of CBHMC to E. coli ORN103(pSH2) by D-mannose
(Table 1). Since the binding interactions mediated by bacterial
FimH are inhibited by D-mannose (21, 22), we assume that bind-
ing of CBHMC to E. coli ORN103(pSH2) involves bacterial
FimH. We have recently determined that the putative receptor
on rodent mast cells for bacterial FimH is the mannose-con-
taining and glycosylphosphoinositol-anchored moiety CD48,
which is a member of the immunoglobulin superfamily (23a).
Although CD48 is also present on the surface of human mast
cells (1), whether it serves as the receptor on CBHMC for bac-
terial FimH remains to be established. It must be emphasized
that since the binding interactions between CBHMC and var-
ious bacteria were undertaken in the presence of serum, the
adherence reactions observed here may be facilitated by any
one of several humoral opsonins, including bacterium-specific
antibodies, complement, collectins, and various extracellu-
lar matrix proteins (30).

CBHMC-mediated phagocytosis and killing of bacteria. The
morphological aspects of the interaction between CBHMC and
selected bacteria were examined by scanning and transmission
electron microscopy (SEM and TEM, respectively) (22). These
techniques showed that mast cells employ protoplasmic pro-
trusions on their surfaces to entrap bacteria. The formation of
these mast cell protrusions around E. coli ORN103(pSH2) is

shown in Fig. 1. Examination of cross-sections of mast cells
after exposure to bacteria revealed a significant number of bac-
teria encased in vacuoles. A cross-section of mast cells contain-
ing several intracellular S. faecium CI126 cells is shown in Fig.
2. It is interesting that whereas most of the S. faecium CI126
associated with the CBHMC appeared to be intracellular, a sig-
nificant number of the gram-negative bacteria still remained
attached on the outside of the cell (data not shown), implying
that the rate of internalization of the gram-positive bacteria
was markedly higher than that of the gram-negative bacteria.
Conceivably, the uptake of S. faecium CI126 is a rapid process
triggered spontaneously upon contact with the mast cell mem-
brane, whereas uptake of the gram-negative bacteria could be
a more gradual process which is initiated only after the adher-
ence of a critical number of bacteria.

To investigate if adherent bacteria were indeed killed by
CBHMC, we monitored the viability of S. aureus CI127 and
E. coli ORN103(pSH2) bacteria that were adherent to mono-
layers of CBHMC as described previously (22). The cells were
incubated in antibiotic-free medium containing serum. As a
control, we monitored the viability of the same two bacteria
that were adherent on human umbilical vein endothelial cells
(HUVEC). We found that there was an appreciable and time-
dependent decrease in viability of bacteria associated with
CBHMC during the 1-h period of incubation (Fig. 3A and B).
In contrast, the numbers of bacteria exposed to HUVEC either
remained constant, as in the case of S. aureus CI127, or
increased to reflect growth, as in the case of E. coli ORN103
(pSH2) (Fig. 3C and D). Morphological evidence in support of
intracellular bacterial killing by CBHMC could be obtained

FIG. 1. SEM examination of CBHMC surface following exposure to E. coli ORN103(pSH2). Notice the formation of filopod-like structures employed by the mast
cell to grip bacteria.
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from the examination of cross-sections of CBHMC for the
presence of degraded bacteria within vacuoles. For example,
some of the S. faecium CI126 cells found within vacuoles in
CBHMC shown in Fig. 2B appear to be partially degraded (see
arrows). Thus, regardless of possible variation in the recogni-
tion mechanisms, rate of phagocytosis, and efficiency of intra-
cellular killing of different bacteria, CBHMC possess the in-
trinsic capacity to kill adherent bacteria.

CBHMC release of TNF-a. Mast cells are renown for their
capacity to release a large array of pharmacologically active
mediators. Among mast cell mediators, tumor necrosis factor
alpha (TNF-a) is of particular interest because mast cells are
the only cell type in the body known to prestore TNF-a and
spontaneously to release the cytokine upon activation (16). We
examined the capacity of CBHMC to release TNF-a following
exposure to various bacteria. CBHMC at a concentration of
106 per ml were incubated with 107 bacteria for 0.5, 1, 3, or 6 h
at 37°C. After centrifugation (1,000 3 g for 10 min at 4°C), cell-
free supernatants were collected and TNF-a was measured by
an enzyme-linked immunosorbent assay (ELISA) method (hu-
man TNF-a ELISA kit; Genzyme, Cambridge, Mass.). The re-
sults were expressed in picograms per milliliter, with the de-
tection limit of the kit being 15 pg/ml. As shown in Table 2,
CBHMC elaborated a substantial TNF-a response even after
0.5 h of incubation with various bacteria. However, it is not
known at this time if this TNF-a is actually derived from pre-
synthesized stores or from the rapid translation of untranslated
TNF-a mRNA. Further incubation with bacteria (1, 3, and 6 h)
revealed even greater amounts of TNF-a release, reflecting

substantial de novo synthesis and release of TNF-a. The great-
est amounts of TNF-a were elicited from CBHMC by S. fae-
cium CI126 and S. aureus CI127, and the least amounts were
elicited by K. pneumoniae CI128 and the FimH-negative mu-
tant E. coli ORN103(pUT2002) (Table 2). It is interesting that
at 6 h, the amounts of mast cell TNF-a elicited by S. faecium
CI126 and S. aureus CI127 were comparable to the amount
elicited by the combined action of the well-known mast cell
agonists phorbol myristate acetate and calcium ionophore. Al-
though on the whole there appeared to be a correlation be-
tween CBHMC binding of bacteria and TNF-a release (Tables
1 and 2), there were some notable exceptions. For example, the
laboratory E. coli strain ORN103(pUT2002) exhibited a low
level of binding but elicited appreciable TNF-a release from
mast cells, especially after 6 h. It is conceivable that during the
lengthy incubation period, bacteria could have released agents
such as proteases and toxins which can potentially elicit a TNF-
a response. Indeed, mast cell activation by such bacterial prod-
ucts as cholera toxin and lipopolysaccharide has been demon-
strated (19, 20, 25, 26). Nevertheless, the capacity of CBHMC
to release large amounts of TNF-a following contact with bac-
teria is relevant to host defense, considering the recent findings
for mice showing that the early burst of mast cell-derived TNF-
a following bacterial challenge was critical to the survival of
mice (7, 23, 27).

Since their discovery more than 100 years ago, an unequiv-
ocal physiological role for mast cells in the body has been
sought. We have shown here that CBHMC, which express
tryptase but little or no chymase (29), recognize and mediate at

FIG. 2. TEM examination of cross-sections of CBHMC showing internalized bacteria following exposure to S. faecium CI126. Notice the degraded bacteria
(arrowheads) within vacuoles.
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least two potentially antimicrobial activities against several
gram-negative and gram-positive bacteria. Thus, in spite of the
noted heterogeneity in mast cell properties between species,
their capacity to recognize different microorganisms is an in-
trinsic trait. This finding is consistent with the idea that an
important function for mast cells in the body is to mobilize the
immune defenses against infectious agents.
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