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ABSTRACT: Life-threatening gastrointestinal (GI) diseases of pre-
maturity are highly associated with systemic candidiasis. This impli-
cates the premature GI tract as an important site for invasion by
Candida. Invasive interactions of Candida spp. with immature en-
terocytes have heretofore not been analyzed. Using a primary imma-
ture human enterocyte line, we compared the ability of multiple
isolates of different Candida spp. to penetrate, injure, and induce a
cytokine response from host cells. Of all the Candida spp. analyzed,
C. albicans had the greatest ability to penetrate and injure immature
enterocytes and to elicit IL-8 release (p < 0.01). In addition, C.
albicans was the only Candida spp. to form filamentous hyphae when
in contact with immature enterocytes. Similarly, a C. albicans mutant
with defective hyphal morphogenesis and invasiveness had attenu-
ated cytotoxicity for immature enterocytes (p < 0.003). Thus,
hyphal morphogenesis correlates with immature enterocyte pene-
tration, injury, and inflammatory responses. Furthermore, vari-
ability in enterocyte injury was observed among hyphal-producing
C. albicans strains, suggesting that individual organism genotypes
also influence host-pathogen interactions. Overall, the finding that
Candida spp. differed in their interactions with immature entero-
cytes implicates that individual spp. may use different pathogen-
esis mechanisms. (Pediatr Res 69: 384-389, 2011)

nvasive candidiasis is a significant cause of morbidity and

mortality in premature neonates. Extremely low birthweight
(<1000 g) infants are most vulnerable, with invasive candi-
diasis rates reported to range from 3 to 23% of infants (1)
and mortality rates of 20—-60% (2). Invasive candidiasis
also increases the risk of morbidities associated with pre-
maturity including periventricular leukomalacia, broncho-
pulmonary dysplasia, retinopathy of prematurity, and se-
vere neurodevelopmental delay, even with appropriate
antifungal treatment (3,4).

In neonates, the gastrointestinal (GI) tract is the primary
reservoir for Candida colonization (5). Several risk factors in
the preterm infant that are associated with the development of
invasive candidiasis also impact the integrity and/or micro-
biome of the GI tract. For example, the use of H2 blockers and
broad-spectrum antibiotics (especially third generation ceph-
alosporins), lack of enteral feedings, and GI disease are re-
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ported to increase the risk of disseminated candidiasis (2). In
particular, in a large retrospective cross-sectional study, 15%
of infants diagnosed with necrotizing enterocolitis had con-
current invasive infections with Candida (6). Furthermore, in
neonates with focal intestinal perforation, an entity distinct
from necrotizing enterocolitis, the rate of invasive candidiasis
was even higher, ranging from 44 to 50% (6,7). This has led
to the idea that Candida is either directly involved in damag-
ing the GI epithelial barrier or takes advantage of injured GI
epithelium to penetrate the host. Indeed, invasion of the bowel
wall by Candida at the site of perforation has been observed
in neonates with spontaneous intestinal perforation (8), and
oral inoculation of C. albicans resulted in intestinal ulceration
and necrosis and was associated with systemic dissemination
of the fungus in a gnotobiotic piglet model (9).

The pathogenesis of invasive candidiasis is thought to
involve colonization/adhesion of the fungus to host cells,
penetration and invasion of host cell barriers, and finally
dissemination via the blood stream. Adhesion to adult and
neonatal enterocytes in vitro differs among the Candida spp.
and this correlates with their incidence as colonizing organ-
isms and as causes of sepsis. For example, C. albicans adheres
to neonatal enterocytes to a greater extent compared with
other Candida spp., is the leading cause of invasive candidi-
asis in neonates, and is isolated most frequently from the
neonatal GI tract (10). C. parapsilosis is the second most
frequent Candida spp. associated with these processes in
neonates (10). C. albicans is also the most adherent to adult
enterocytes relative to other Candida spp. and the most fre-
quent GI tract colonizer and cause of sepsis. In contrast to
neonates, C. glabrata and C. tropicalis adhere to adult entero-
cytes better than C. parapsilosis and are also frequent colo-
nizers of the adult GI tract and causes of sepsis in adults (10).
Thus, colonization and adhesion to GI epithelia differ among
the Candida spp. and between enterocytes derived from dif-
ferent human developmental stages.

Other than colonization and adhesion, there is relatively
little known about how Candida spp. interact with the imma-
ture neonatal GI tract. On the basis of the observations that
Candida spp. differ in prevalence as colonizers and blood-
stream isolates (10) and the severity of infections that they
cause in infants (11), we hypothesized that Candida spp. differ
in their invasive interactions with the premature GI epithelium

Abbreviations: GI, gastrointestinal; LDH, lactate dehydrogenase
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and that differences in these processes may underlie differ-
ences in pathogenesis mechanisms. The goal of this study was
to compare the ability of Candida spp. to penetrate, invade,
and induce a proinflammatory response from premature hu-
man enterocytes. To do this, we used the H4 cell line, a model
of nonmalignant immature small intestinal epithelial cells. In
addition, we analyzed multiple Candida strains within an
individual species to investigate the possibility of strain-to-
strain differences in invasion and injury phenotypes.

METHODS

Enterocyte cell culture. Nonmalignant primary immature human entero-
cytes (cell line H4, derived from the small intestine of 20- to 22-wk gestation
fetuses), their cultivation, and maintenance are as previously described (12).

Candida strains and growth conditions. The Candida strains used in this
study are described in Table 1 (13-17). Strains were propagated and main-
tained in Yeast Peptone Dextrose agar (18) and, for experiments, were grown
in either synthetic dextrose complete (SDC) (18) or Sabouraud’s (Difco
Laboratories, Detroit, MI) liquid media at 30°C overnight. Cell concentrations
were determined using a hemacytometer. In addition, growth of the Candida
spp. was compared after incubation in H4 media for 8 h (the longest
incubation time for the assays described below) by counting cells with a
hemacytometer and was found to be similar among the strains.

Epithelial cell penetration assay. H4 cells cultured at a concentration of
2 X 10° cells/well were grown to ~80% confluence on circular glass
microscope cover slips in 12-well tissue culture plates (BD Biosciences, San
Jose, CA). H4 monolayers were inoculated with 1 X 10° yeast cells suspended
in 1 mL H4 growth medium and incubated for 3 h. Infected monolayers were
analyzed by immunocytochemistry as previously described (19), using a

Table 1. Candida strains used in this study

Strain Species Source

SC5314 C. albicans (13)

A022b C. albicans Clinical isolate, neonate,
pleural fluid*

A002 C. albicans Clinical isolate, neonate,
peritoneal fluid*

A003 C. albicans Clinical isolate, neonate,
blood*

A0038 C. albicans Clinical isolate, neonate,
cerebrospinal fluid*

RSRI/RSRI (9955) C. albicans (14)

rsri/rsrl (8880) C. albicans (14)

4175 (A010) C. parapsilosis ~ Clinical isolate, neonate,

cardiac mass*

4176 (A044) C. parapsilosis ~ Clinical isolate, neonate,
blood*

4177 (A053) C. parapsilosis Clinical isolate, neonate,
blood*

4179 (4961) C. parapsilosis ~ Clinical isolate, adult,
blood*

22019 C. parapsilosis ~ ATCCT

4173 (BG2) C. glabrata (15)

10267 (ATCC2001)  C. glabrata ATCCY

66032 C. glabrata ATCCY

A037 C. glabrata Clinical isolate, neonate,
urine*

YAO059 C. glabrata Clinical isolate, neonate,
blood*

10265 (CD36) C. dubliniensis (16)

M2649 (R3b) C. dubliniensis ~ (17)

M2650 (R1b) C. dubliniensis  (17)

M2651 (16F) C. dubliniensis (16)

3779 C. dubliniensis ~ Clinical isolate, oropharynx*

* Clinical Microbiology Laboratories, University of Minnesota.
1 American Type Culture Collection, Manassas, VA.

polyclonal, biotin-conjugated rabbit anti-C. albicans IgG (Biodesign Interna-
tional, Saco, ME) as the primary antibody and streptavidin conjugated to the
Alexa 568 fluorophore (Invitrogen, Carlsbad, CA) as the secondary antibody.
In preliminary experiments lacking H4 cells, all Candida species had consis-
tent, uniform staining of the cell wall using this strategy (=90% of cells).
After incubation, Candida cells were distinguished as either penetrating
(unstained) or nonpenetrating (stained) with respect to the epithelial cell layer.
A total of ~15 fluorescent images along the z axis, in ~1-um increments,
were collected for each microscopic field to insure that any fluorescent signal
was captured throughout the diameter of the fungal cell. Data are presented as
averages of at least three independent experiments (n = 100 cells for each) *
SEM.

Epithelial cell injury assay. The ability of Candida to damage H4 cells
was assessed using the Cyto-Tox-96 assay (Promega, Madison, WI), which
measures the amount of lactate dehydrogenase (LDH) released from injured
epithelial cells. H4 cells were cultured at a concentration of 2 X 10* cells/well
and grown to ~80% confluence in 96-well flat-bottomed tissue culture plates
(BD Biosciences, San Jose, CA). H4 monolayers were infected with yeast-
form Candida resuspended in H4 media in a 10:1 ratio to the number of
epithelial cells seeded [ratio determined in preliminary experiments to give
results in the linear range of the spectrophotometer (data not shown)] for 8 h,
and the assay was then carried out according to the manufacturer’s instruc-
tions and as previously described (19). Cell damage (% cytotoxicity) is
expressed as the average of three independent experiments, each performed in
triplicate, =SEM.

Determination of IL-8 secretion by H4 enterocytes. H4 cells were cul-
tured at a concentration of 1 X 10° cells/well and grown to ~80% confluence
in 24-well tissue culture plates (BD Biosciences, San Jose, CA). H4 mono-
layers were inoculated with yeast-form Candida suspended in H4 growth
media at a concentration of 1 X 10° cells/mL. Supernatant samples of
uninfected and infected monolayers were collected at 12 h after inoculation.
Human IL-8 was measured using a commercially available ELISA kit ac-
cording to the manufacturer’s instructions (Quantikine, R&D Systems, Min-
neapolis, MN). Data are expressed as the average of three independent
experiments, each performed in triplicate, =SEM.

Statistical analyses. Statistical results were obtained using SPSS 15.0 for
Windows (SPSS, Chicago, IL) and were analyzed using one-way ANOVA,
followed by post hoc separation of means using Tukey’s Honestly Significant
Differences Test. A p value <0.05 was considered statistically significant.

RESULTS

Immature enterocyte penetration by Candida spp. To
understand how Candida spp. physically interact with imma-
ture human enterocytes, we used immunocytochemistry to
visualize fungal penetration of H4 cells. C. albicans was
located intraepithelially more frequently than C. parapsilosis,
C. dubliniensis, and C. glabrata (Figs. 1 and 2). In addition, C.
albicans was the only Candida spp. that formed abundant
hyphal filaments after incubation with H4 cells. Furthermore,
C. albicans hyphal tips were most often the portion of the cell
that penetrated the enterocyte (Fig. 1A). Interestingly, C.
dubliniensis, capable of forming hyphae in vitro albeit less
efficiently than C. albicans (20), formed infrequent (~40%
cells/high power field), short filaments (§—15 wm in length,
e.g. Fig. 1D) that only rarely penetrated the H4 cells (Fig. 2A
and E) compared with C. albicans (~90% of cells/high power
field; 35-40 wm in length). Similarly, C. parapsilosis and C.
glabrata were only rarely observed within enterocytes (Figs.
1B and 2A, C, and D) and existed primarily as budding yeast
(Fig. 1B and C). Together, these data indicate an association
between hyphal morphogenesis and enterocyte penetration.

Genetic variation among clinical strains of C. albicans is
common and often affects phenotype (21). Thus, we analyzed
multiple C. albicans clinical isolates and multiple isolates of
C. parapsilosis, C. glabrata, and C. dubliniensis, because of
this propensity for genetic variation, which may cause varia-
tion in virulence-associated phenotypes. All C. parapsilosis,
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C. glabrata, and C. dubliniensis strains had similar low inva-
sion potentials within each species and had significantly re-
duced ability to invade H4 cells compared with C. albicans
strain SC5314 (Fig. 2C-E). Among C. albicans isolates, H4
cell penetration differed with C. albicans SC5314 exhibiting
the greatest invasion, followed by A022b and then the other C.
albicans clinical isolates (Fig. 2B). Importantly, all of the C.

Figure 1. Representative photomicrographs of H4 enterocytes inoculated
with the Candida spp. used in the quantitation depicted in Figure 2A. Z-stacks
of DIC and fluorescence images were merged to obtain the images shown.
Penetrating Candida cells lack fluorescent signal (asterisks). Nonpenetrating
Candida cells exhibit fluorescent signal (arrows). (A) C. albicans SC5314;
(B) C. parapsilosis 4175; (C) C. glabrata 4173; and (D) C. dubliniensis
10265. Scale bar, 10 wm.
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albicans strains penetrated H4 cells to a greater extent than
non-albicans spp., supporting the idea that C. albicans, be-
cause of its ability to form hyphae, has better penetrating
ability.

Few clinical laboratories distinguish between members of
the C. parapsilosis complex (C. parapsilosis, C. orthopsilosis
and C. metapsilosis), which have been reported to vary in
phenotype. To determine the identity of the clinical “parap-
silosis” strains analyzed in our study, we used a PCR-based
strategy to discriminate among these species based on unique
sequences within the internally transcribed spacer 1 and 2
regions (22). Using this approach, we found that all of the
“parapsilosis” strains that we analyzed (Table 1) were con-
firmed to be C. parapsilosis (data not shown).

Immature enterocyte injury by Candida spp. To investi-
gate how enterocyte penetration correlates with injury, the
amount of LDH released from injured H4 enterocytes was
measured after incubation with Candida spp. C. albicans
SC5314 caused significantly more H4 cell injury than C.
parapsilosis, C. glabrata, or C. dubliniensis (Fig. 3). Of note,
there were no significant differences observed for H4 cell
injury among the non-albicans Candida spp. (Fig. 3A) or
among multiple isolates of an individual species (Fig. 3C-E).
Thus, like enterocyte penetration, enterocyte injury by Can-
dida is associated with the ability to form hyphae. The hy-
pothesis that hyphal morphogenesis is associated with H4
injury was further tested by analyzing H4 injury by a C.
albicans rsrl mutant strain. C. albicans cells lacking Rsrl
have defects in hyphal morphogenesis (filaments are shorter
and fatter), reduced invasion and injury of oral epithelial cells,
and attenuated virulence in a mouse model of systemic can-
didiasis (14,19). Similarly, we found that a C. albicans rsrl
strain had significantly less cytotoxicity for H4 cells when
compared with its isogenic parent strain (Fig. 3F), supporting
the association between hyphal morphogenesis and injury.
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Figure 2. Penetration of H4 enterocytes (percent of total cells invading = percent invasion) by Candida spp. (A) and multiple isolates of a single species:
C. albicans (Ca) (B), C. parapsilosis (Cp) (C), C. glabrata (Cg) (D), C. dubliniensis (Cd) (E). (A) *p < 0.003; (B) *p < 0.003 compared with SC5314, ip <

0.05 compared with A022b; (C-E) *p < 0.001.
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Figure 3. H4 enterocyte damage (percent cytotoxicity as described in Materials and Methods) caused by Candida spp. (A), multiple isolates of a single species:
C. albicans (Ca) (B), C. parapsilosis (Cp) (C), C. glabrata (Cg) (D), C. dubliniensis (Cd) (E), and C. albicans mutant (Ca rsrl/rsrl) and control (Ca RSR1/RSR1)
strains (F). (A) *p < 0.01; (B) *p < 0.01 compared with SC5314 and A022b; (C-E) *p < 0.001; (F) *p < 0.003.

Figure 4. IL-8 secreted by H4 cells after incu-
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Finally, we compared enterocyte injury by five C. albicans
strains, all of which had similar growth rates and similar
extents of hyphal elongation after incubation with H4 cells
(35-40 wm, n = 30 for each strain, p = 0.7). We reasoned
that if hyphal elongation is sufficient for tissue injury, then all
of the C. albicans strains would cause similar amounts of
enterocyte LDH release. We found that C. albicans A022b
caused similar H4 cytotoxicity as did SC5314, but the
amount of enterocyte damage caused by these two strains
was statistically greater than the three other C. albicans
isolates tested (Fig. 3B). Together, the cytotoxicity results
indicate that although hyphal morphogenesis is generally
associated with cytotoxicity, it, by itself, is not sufficient for
this process.

IL-8 secretion by immature enterocytes in response to
Candida spp. The proinflammatory response of immature
enterocytes caused by interaction with Candida was evaluated
by measuring IL-8 released by H4 cells after infection with
Candida spp. During these assays, C. albicans was again
noted to be predominantly hyphal by 1 h after inoculation,
whereas C. parapsilosis and C. glabrata formed mostly bud-
ding yeast. IL-8 levels were increased 12 h after infection with
C. albicans SC5314 compared with uninfected controls, and
C. parapsilosis- and C. glabrata-infected H4 cells (Fig. 4A
and data not shown). In addition, multiple strains of each
individual species behaved similarly to each other with respect
to the amount of IL-8 elicited from H4 cells (p > 0.9, Fig.
4B-D). These results demonstrate a proinflammatory response
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from immature human enterocytes after infection with C.
albicans but not with C. parapsilosis and C. glabrata. Thus,
similar to tissue penetration, hyphal morphogenesis is also
associated with IL-8 secretion by H4 cells.

DISCUSSION

Despite the significant association of Candida colonization
and invasive infection with diseases of the premature GI tract,
little is known about how Candida spp. interact with the
developing enterocyte. To our knowledge, this study is the
first report of the invasive and inflammatory interactions
between Candida species and immature human intestinal
cells. Several studies have analyzed the interaction of a single
Candida spp., C. albicans, with other epithelial cell models
including immortalized oral and adult intestinal (primary and
Caco-2) cells. For these epithelial cell lines, tissue penetration
and injury are associated with C. albicans hyphal growth:
genetic mutants with defects in hyphal morphogenesis have
reduced invasiveness (19,23,24). In addition, morphogenesis
mutants cause less mortality and organ invasion in i.v. inoc-
ulated animal models (19,25). In our study of immature
enterocytes, we also observe an association between C. albi-
cans hyphal morphogenesis and tissue penetration and, fur-
thermore, tissue inflammation. In contrast to other Candida
spp., C. albicans formed abundant filamentous hyphae after
incubation with H4 cells and was the Candida spp. that caused
the most enterocyte penetration and IL-8 release. We also
observed that, in general, the ability to penetrate tissue was
associated with tissue injury (LDH release by H4 cells; com-
pare Figs. 2 and 3). An exception to this was seen for
individual C. albicans isolates. Despite their similar ability to
produce hyphae, penetrate H4 cells, and induce H4 IL-8
release, C. albicans strains differed in their ability to injure
enterocytes. This observation indicates that hyphal penetration
of host tissue is not sufficient by itself to cause tissue injury
and implicates other injury mechanisms (e.g., secretion of
degradative enzymes) that differ among C. albicans isolates.
Furthermore, the observation that C. albicans strains all elic-
ited similar IL-8 release despite having varied abilities to
injure H4 cells suggests that C. albicans may induce entero-
cyte inflammation by an injury-independent mechanism. The
varied cytotoxicity abilities seen with the C. albicans strains
also highlight the importance of testing multiple isolates be-
fore generalizing assay results to a species as a whole.

It seems that different penetration mechanisms are used by
C. albicans depending upon the specific host cell type (26).
For example, in oral epithelial cell interactions, C. albicans
hyphae (live or dead) are engulfed by epithelial cell membrane
evaginations and invasion is attenuated by treatment with
inhibitors of endocytosis. In contrast, adult intestinal carci-
noma cell (Caco-2) invasion requires live C. albicans hyphae
and the secretion of C. albicans proteases and is not affected
by endocytosis inhibitors. In addition, a recent study observed
that, in Caco-2 cell monolayers, C. albicans degrades E-
cadherin, a protein important for the maintenance of cell-cell
junctions (27). Thus, it seems that C. albicans penetration of
oral epithelial cells occurs via induced endocytosis, whereas

penetration of Caco-2 cells occurs via active penetration fa-
cilitated by degradative proteases. The mechanism of C. albi-
cans penetration into immature enterocytes is currently not
known but will be important to establish as we consider
anti-candidal therapies in premature infants in the future.

C. albicans and C. parapsilosis are the most common
colonizers of the neonatal GI tract and, accordingly, the most
common causes of neonatal invasive candidiasis (10). Candi-
diasis due to C. parapsilosis has been increasing in incidence
since 1990, although it seems to cause less severe disease and
less mortality in neonates than systemic infections due to C.
albicans (11). C. parapsilosis has a propensity to grow in
parenteral nutrition solutions and to form biofilms on catheters
(28). Although it has been isolated from the GI tracts of
neonates with systemic candidiasis (5), we found that C.
parapsilosis neither demonstrates significant ability to invade
and damage immature enterocytes, nor does it elicit as great of
an inflammatory response from H4 cells compared with C.
albicans. Interestingly, in the only study to speciate Candida
isolated from infants with systemic candidiasis and intestinal
disease, C. albicans was the sole species identified (7). This
observation along with the results of our study supports the
idea that the immature GI tract may not be the primary site of
entry and/or disease for C. parapsilosis, despite evidence of
GI tract colonization. Rather, C. parapsilosis may be intro-
duced into the bloodstream via indwelling vascular catheters.

Enterocytes are part of the first line of defense against
infection in the GI tract, secreting cytokines in response to
tissue injury (29). In particular, IL-8 is thought to be important
for the activation and recruitment of neutrophils from intra-
vascular to interstitial sites, a paradigm that has also been
proposed for the pathogenesis of necrotizing enterocolitis
(30). Cytokine release by H4 cells has been evaluated in vitro
in response to components of bacterial infection, namely,
lipopolysaccharide and IL-1(3. After stimulation of the mono-
layer with either factor, H4 cells secrete much more of the
proinflammatory cytokine IL-8, compared with the adult en-
terocyte cell line Caco-2 (31,32). In addition, baseline levels
of IL-8 were elevated in H4 cells compared with Caco-2 cells,
indicating that these immature cells exist in a more proinflam-
matory state before infection (31,32). Our studies further
explore the H4 cell immune response by analyzing levels of
IL-8 secretion induced by interaction with live Candida or-
ganisms, rather than components of an organism. We found
that IL-8 was significantly elevated in response to infection
with C. albicans compared with that with other Candida spp.
Of note, infection of adult enterocytes (Caco-2) with Candida
spp., including C. albicans, does not elicit an IL-8 response
(33). Given the exaggerated immune response demonstrated
by H4 cells compared with Caco-2 cells, the increase in
cytokines induced by interaction with C. albicans may con-
tribute to the pathophysiology of disease in the intestinal tract
by causing a dysregulated inflammatory response.

Elevated serum IL-8 levels have also been observed in
severe cases of necrotizing enterocolitis, from its onset
through the first 24 h (34). In addition, in intestinal tissue from
infants with necrotizing enterocolitis, IL-8 mRNA is up-
regulated throughout the serosa, muscularis, and intestinal
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epithelium compared with specimens taken from infants with
other inflammatory conditions or those without disease (35).
At this point, it remains unclear what the pathogenic initiator
of either necrotizing enterocolitis or spontaneous intestinal
perforation is, although intestinal microorganisms along with
an exaggerated inflammatory response and bowel injury are
likely contributing mechanisms (36,37). Investigations of the
interaction of the gut flora with the premature GI tract and
how this impacts the risk for the development of necrotizing
enterocolitis has focused exclusively on the bacterial micro-
biota. Our results support the idea that Candida, and in
particular C. albicans, promotes inflammation and invasion of
immature enterocytes and that fungal-enterocyte interactions
should be considered in models of GI inflammation and
disease in premature infants.
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