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Phagocytosis of Candida albicans Enhances Malignant
Behavior of Murine Tumor Cells

Isaac GINSBURG, SUZANNE E. G. FLIGIEL, ROBIN G. KUNKEL,

BRUCE L. RISER, JAMES VARANI*

Murine tumor cells were induced to phagocytize either Candida albicans or group A
streptococcal cells. The presence of microbial particles within the tumor cell cytoplasm
had no effect on in vitro tumor cell growth. However, when Candida albicans—infected
tumor cells were injected into syngeneic mice, they formed tumors that grew faster,
invaded the surrounding normal tissue more rapidly and metastasized more rapidly
than control tumor cells. Tumor cells infected with group A streptococcal particles did
not grow faster or show increased malignant behavior. These data indicate that the in
vivo behavior of malignant tumor cells can be modulated by microbial particles, which
are often present in the microenvironment of the growing tumor.

HAGOCYTOSIS OF PARTICLES THE

size of red blood cells, mammalian

cell nuclei, and microorganisms can
be experimentally induced in nonleukocytic
cells by a variety of manipulations (I—4).
Routine histological and cytological exami-
nation of tissues and cells taken from human
tumors also frequently shows the presence
of intracytoplasmic particles (5-11), sug-
gesting that this phenomenon is not just an
in vitro artifact. The presence of intracyto-
plasmic bacteria in hyperplastic and dysplas-
tic gut epithelium of several species has been
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observed and viable bacteria have been iso-
lated from the epithelial cells (12—20). These
findings suggest that some forms of adeno-
carcinoma of the ascending colon may have
an infectious component to their etiologies
(12, 13). How the presence of intracytoplas-
mic infectious agents might influence the
behavior of the host cell is difficult to assess
because there have been no experimental
models with which to study this phenome-
non. In the present study, we have induced
the intracytoplasmic accumulation of micro-
organisms by murine tumor cells and have

examined the effect on the in vivo biological
properties of the cells.

A line of murine fibrosarcoma cells desig-
nated as 1.0/L1 was used in our studies.
These cells were isolated in our laboratory
from a 3-methylcholanthrene—induced tu-
mor in a C57B1/6 mouse (21). They grow
in monolayer culture on RPMI 1640 culture
medium supplemented with 10% fetal bo-
vine serum. When injected subcutaneously
into syngeneic mice, they form progressively
growing tumors that invade locally and me-
tastasize to the lungs. Micrometastases first
become visible at approximately 30 to 40
days after subcutaneous tumor injection, at
which time the primary tumors have reached
a mean diameter of 10 mm or more.

Phagocytosis of microorganisms [heat-
killed group A streptococci (strain C203S,
M protein—negative) or Candida albicans)
by the murine tumor cells was induced as
described (2). This procedure involved pre-
paring suspensions of heat-killed cells at
1 x 107 cells per milliliter of phosphate-
buffered saline (PBS) and opsonizing the
microbial cells by the addition of 1 mg of
histone per milliliter (type II-A, Sigma
Chemical Co., St. Louis, Missouri). After
30 minutes of incubation, the microbial cells
were washed repeatedly to separate them
from the unbound histone. The opsonized
microorganisms were then added to mono-
layers of tumor cells in serum-free RPMI
1640 medium at a ratio of 10:1 for the C.
albicans and 50:1 for the streptococci. Al-
though unopsonized microorganisms did
not attach to the tumor cells, the histone-
treated cells rapidly attached. More than
95% of the added cells were firmly attached
to the tumor cell monolayer within 15 min-
utes. It could be seen microscopically that
the opsonized cells did not attach to the
plastic dish itself. Morphometric techniques
were used to determine the kinetics of mi-
crobial cell uptake by the tumor cells and to
quantitate the distribution of microbial cells
within individual tumor cells. Uptake of the
opsonized microbial particles began within
6 hours after being added to the tumor cell
monolayer and was essentially complete by
36 hours. Approximately 70% of the tumor
cells contained intracellular particles ranging
in number from 1 to 10 yeast particles per
cell and 1 to 25 bacterial particles per cell.
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Fig. 1. In vivo growth of control 1.0/L1 murine
cells (circles), C. albicans—infected tumor cells
(squares), and group A streptococci—infected tu-
mor cells (triangles). Six animals in each group
were injected in the flank with 1 X 10° tumor
cells on day zero. At various times later, the
animals were examined for the presence of visible
tumor. Tumor diameters were measured in three
dimensions with a caliper, and the mean diameter
was determined. The values shown are averages
plus or minus standard deviations. The experi-
ment was repeated four times with similar results.

The uptake of opsonized microbial cells
did not alter the in vitro growth of the
tumor cells. This was determined by harvest-
ing the tumor cells 1 day after addition of
the microorganisms and replating them in
culture medium (RPMI 1640 medium sup-
plemented with 10% fetal bovine serum).
The cells containing intracytoplasmic yeast
or bacterial particles attached and spread at
identical rates to control cells (more than
95% of the cells from all three groups
attached and spread within 4 hours). When
the replated cells were allowed to grow for 1
or 2 days and then counted, the number of
cells recovered from all three groups was
similar. The doubling time of the cells from
all three groups was 16 to 20 hours, consist-
ent with earlier work (21). After each divi-
sion, there were fewer microbial particles
per cell, indicating that the internalized par-
ticles were randomly segregating at each cell
division.

Although the presence of intracytoplas-
mic microbial particles did not alter in vitro
growth of the tumor cells, the in vivo behav-
ior of these tumor cells was affected. Specifi-
cally, C. albicans—infected tumor cells pro-
duced tumors in the flanks of syngeneic mice
that appeared sooner and grew more rapidly
than tumors produced by uninfected control
cells (Fig. 1). Increased tumor growth de-
pended on internalization of the yeast cells.
Injection of unopsonized or opsonized par-
ticles along with the tumor cells produced
no alteration in tumor growth. The simulta-
neous injection of histone along with the
yeast particles and tumor cells also did not
affect tumor growth. Furthermore, when
mice were injected with uninfected tumor
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cells on one side and C. albicans—infected
tumor cells on the other, the infected tumor
cells produced tumors that grew at the rapid
rate while the uninfected cells produced
tumors that grew at the same rate as tumors
induced by uninfected tumor cells in control
mice. In contrast to what was observed with
C. albicans—infected tumor cells, enhanced
tumor growth did not occur when group A
streptococci~infected tumor cells were used
as inoculum (Fig. 1).

Animals were killed for histological ex-
amination of the primary tumors at various
times after injection. Examination of the
primary tumors induced by untreated
1.0/L.1 cells and by cells with intracytoplas-
mic C. albicans particles 5 days after injec-
tion revealed significant differences (Fig. 2).
The tumors induced by the C. albicans—
infected cells showed a marked polymorpho-
nuclear leukocytic response that was associ-
ated with a widespread invasion of the nor-
mal tissue surrounding the tumor. In con-
trast, there was much less inflammation in
lesions induced by control tumor cells, and
these tumors did not show evidence of
invasion at this stage. Differences in tumor
size at very early time points may have been
due, in part, to differences in the amount of
inflammation present. Inflammation is un-
likely to account for the entire difference,
however, since many more tumor cells were
seen in lesions induced by the C. albicans—
infected tumor cells than in lesions induced
by untreated tumor cells.

Except for the tumor size, the intense
inflammatory response, and widespread in-
vasion, there was nothing to distinguish the
lesions histologically. We saw no evidence,
for example, that the vasculature of the two
types of lesions was different. Like the con-
trol tumors, there was no leukocytic infiltra-
tion in tumors induced by group A strepto-
cocci—infected tumor cells or in tumors in-
duced by control tumor cells in the presence
of opsonized or unopsonized C. albicans
particles. The presence of inflammatory cells
was transient in the lesions induced by the
C. albicans—infected tumor cells. By day 10,
at which time the tumors induced by the C.
albicans—infected cells had reached 5 to 6
mm in diameter, there was no longer any
evidence of significant inflammatory re-
sponse. The histological picture of the tu-
mors induced by C. albicans—infected cells at
day 10 was the same as the histological
picture of the control tumors at the same
stage of development (approximately day
20).

Complete autopsies were done on tumor-
bearing animals when the primary tumors
reached 10 mm in diameter. For tumors
induced by the C. albicans—infected cells,
this was done at day 20; for control tumors,

this occurred on day 30. Histological exami-
nation of lung tissue revealed the presence of
micrometastases throughout the lungs.
Small clusters of tumor cells were visible in
both intravascular and extravascular loca-
tions. There were no apparent differences in
histology or extent of metastatic spread be-
tween the animals with control tumors and
animals with C. albicans—infected tumors. In
contrast, when animals with control tumors
were examined on day 20, metastatic tumors
were not observed in their lungs. Thus, the
major difference in metastatic behavior be-
tween control tumors and those induced by
cells with intracytoplasmic C. albicans parti-
cles was in the amount of time needed for
the development of metastasis.

The findings presented here show that the
intracytoplasmic accumulation of microbial
particles in tumor cells can have a dramatic
effect on the in vivo behavior of these cells.
Although the evidence indicates that inges-
tion of the microbial cells is required for the
effects described here (rather than their mere
presence at the site of the primary tumor),
neither the process of phagocytosis itself nor
merely the introduction of histone are suffi-
cient to induce altered behavior. We do not
know how the presence of histone-opso-
nized C. albicans particles within the tumor
cells facilitates tumor growth. However, this
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Fig. 2. Histological appearance of tumors in-
duced by uninfected cells and C. albicans—infected
cells. (A) The histological appearance of a tumor
5 days after the animal was injected with uninfect-
ed tumor cells. (B) Histological appearance of a
tumor 5 days after the animal was injected with C.
albicans—infected tumor cells. (A and B) Stained
with hematoxylin and eosin (x50).
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does not appear to be a property unique to
C. albicans since identical results were ob-
tained with another species of candida (C.
Jlabrata). We suspect that the initial poly-
morphonuclear response is in some way
involved, but this opinion is based primarily
on the dramatic histological differences be-
tween the control tumors and those induced
by C. albicans—infected cells, rather than on
an understanding of how the leukocytic
infiltrate potentiates tumor growth. The
presence of large numbers of leukocytes
could facilitate tumor spread by degrading
the normal tissue surrounding the tumor.
Alternatively, leukocyte products or tumor
cell products, or both, could facilitate tumor
cell proliferation directly or could enhance
formation of the tumor vascular bed. The
mechanism underlying the altered in vivo
behavior of the C. albicans—infected tumor
cells is likely to be a local rather than system-
ic effect since the presence of C. albicans—
infected tumor cells had no effect on the
growth of tumors produced by uninfected
tumor cells at distant sites in the same mice.
Our work supports the concept that micro-
bial cell infection of tumor cells can alter
their behavior, and it provides an experi-
mental model in which to probe the mecha-
nism by which the presence of such particles
affects tumor cell behavior as well as the
consequences of infection.
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Activation of the HIV-1 LTR by T Cell Mitogens and
the Trans-Activator Protein of HTLV-I

MIRIAM SIEKEVITZ, STEVEN F. JOSEPHS, MITCHELL DUKOVICH,
NANCY PEFFER, FLOSSIE WONG-STAAL, WARNER C. GREENE

To investigate the mechanism by which immune activation augments replication of the
human immunodeficiency virus type 1 (HIV-1) in infected T cells, four different
classes of T cell mitogens were evaluated for their effects on the HIV-1 long terminal
repeat (LTR). Phytohemagglutinin (PHA), a mitogenic lectin; phorbol 12-myristic
13-acetate, a tumor promoter; ionomycin, a calcium ionophore; and zaz-1, the trans-

activator protein from the human T cell 1 i

phoma virus type I (HTLV-I)

each stimulated the HIV-1 LTR. Studies of deleted forms of the LTR supported a
central role in these responses for the HIV-1 enhancer, which alone was sufficient for
mitogen inducibility, but also suggested that other 5’ positive and negative regulatory
clements contribute to the overall magnitude of the response. Synergistic activation of
the HIV-1 LTR (up to several thousandfold) was observed with combinations of these
mitogens and the HIV-1—-derived #az-III protein. Cyclosporin A, an immunosuppres-
sive agent, inhibited PHA-mediated activation of the HIV-1 LTR but was without
effect in the presence of the other mitogens. Thus, HIV-1 gene expression and
replication appear to be regulated, via the HIV-1 LTR, by the same mitogenic signals

that induce T cell activation.

ficiency virus type 1 (HIV-1) in vivo

may be associated with an asymptomat-
ic interval lasting from months to years
before the development of frank disease (I).
Under selected conditions of culture in vi-
tro, HIV-1-infected CD4™* T cell lines can
be maintained for long periods in the ab-
sence of detectable virus production (2).
The events that trigger the transition from
low-level or latent infection to productive
viral replication remain poorly defined. Im-
mune activation of infected T cells can aug-
ment HIV-1 replication (2, 3) perhaps
through effects on regulatory elements locat-
ed within the long terminal repeat (LTR) of
HIV-1 (4). Here we show that four differ-
ent classes of T cell mitogens [phytohemag-
glutinin (PHA), phorbol 12-myristic 13-
acetate (PMA), ionomycin, and zaz-1 (5)]
can activate the HIV-1 LTR and define the
cis-acting LTR sequences that mediate these
responses. We also examine the interactions
of these mitogenic stimuli with each other,
with the HIV-l-encoded trans-activator
protein (za¢-III), and with the immunosup-
pressive agent cyclosporin A (CyA).

To confirm that mitogenic stimulation
enhanced HIV-1 gene expression, we per-
formed in vitro RNA transcription assays
with HIV-1—-infected Jurkat T cells before
and after combined stimulation with PHA
plus PMA (Fig. 1A). As monitored with a¢-
III complementary DNA (cDNA) (which

l NFECTION WITH HUMAN IMMUNODE-
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contains 5’ sequences common to all HIV-1
transcripts), these mitogens induced HIV-1
gene transcription within 4 hours. As ex-
pected in activated T cells, these mitogens
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Fig. 1. (A) Nuclear transcription analysis of mito-
gen-induced gene expression in HIV-1—infected
Jurkat T cells. Jurkat T cells were infected as
described (2) and cloned 7 days later. At the time
of analysis (after 50 days in culture), no RT
activity was detectable. Nuclei were isolated after
4 hours of culture in the (a) absence or (b)
presence of PHA (1 pg/ml) plus PMA (25 ng/ml)
(24). In vitro RNA transcription was performed
as described (25), using a time point previously
shown to be within the linear range for Jurkat

. cells (26). The *2P-radiolabeled nuclear RNA was

hybridized to cDNAs immobilized on nitrocellu-
lose filters as described (26). (B) Dot-blot analysis
of HIV-1 RNA levels in infected CD4™* peripher-
al blood lymphocytes after mitogen activation.
CD4* lymphocytes were purified from normal
donors by affinity rosetting, activated with PHA,
and infected with HIV-1 (2). Cultures were main-
tained in RPMI 1640 with 10% fetal calf serum
and supplemented with 10% partially purified
human IL-2 (24). Six days after infection, unin-
fected and HIV-1—infected cultures were washed
and incubated with (a) medium or (b) medium
supplemented with PHA (1 pg/ml) plus PMA
(25 ng/ml) for 18 hours. Total cytoplasmic RNA
was isolated, serially diluted twofold, immobi-
lized on nitrocellulose filters (27), and hybridized
to 3?P-radiolabeled zaz-III cDNA.
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