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Abstract

Improved nontoxic adjuvants, especially adjuvants capable of inducing cell-mediated immunity (CMI), are needed for
research in immunology and for development of human and veterinary vaccines. Bovine Lactoferrin, an effector molecule
shown to directly participate in host defense, was assessed at various concentrations as an adjuvant component for induction of
DTH responses to sheep red blood cells (SRBC). Subcutaneous immunization with Lactoferrin enhanced delayed type
hypersensitivity (DTH) in CBA mice in a dose-dependent fashion; DTH responses were most significantly increased when
sensitization was accomplished using Lactoferrin at 50 pg/dose and 250 pg/dose. Furthermore, Lactoferrin admixed with
suboptimal dose of SRBC enhanced DTH responses by over 17-fold. Peritoneal cells collected from mice intraperitoneally
injected with a 100 pg/dose of Lactoferrin demonstrated modest, but significant, production of TNF-a, IL-12 and MIP-1a when
cultured in vitro, compared to saline-injected controls. J774A.1 murine macrophages stimulated with Lactoferrin resulted in
increased TNF-a protein production, and upregulated IL-12 and IL-15 mRNA. Levels of message for chemokines MIP-1a and
MIP-2 were also increased in a dose-dependent way. Taken together, these results indicate that Lactoferrin as an adjuvant may
stimulate macrophages to generate a local environment likely to push immune responses towards development and maintenance
of CMI. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The successful development of new vaccines is
contingent upon the availability of adjuvants that are
not only safe for the host, but also induce immune
responses complementary to those generated during
natural infection. Unfortunately, many non-toxic adju-
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vants produce a high degree of humoral immunity,
with concurrent lack of CMI [1,2]. Currently, the only
adjuvants approved for human use are the aluminium
salts [3]. Alum has shown efficacy for vaccines, but in
many instances has limited capacity for responses other
than those which are humoral-mediated [2]. The pro-
totype adjuvant for inducing cell mediated and DTH
responses is Freund’s Complete Adjuvant (CFA), con-
sisting of a water-in-oil emulsion containing approx-
imately 50% mineral oil, emulsifying agent Arlacel A,
and killed mycobacterium. CFA is an effective adju-
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vant for generation of cell-mediated response; how-
ever, it is undesirable in animals and unacceptable for
human use due to its severe side effects, including pain,
abscess formation, local necrosis, and fever [4].
Lactoferrin, an 80-kDa glycoprotein involved in
iron metabolism [5], may be a preferable adjuvant
component. Lactoferrin has been shown to activate
macrophages [6,7] and natural killer cells [8], as well
as promote maturation of T [9] and B [10] cells.
Lactoferrin also exhibits antimicrobial [11,12], anti-
fungal [13], antiviral [14] and antitumor [15,16] prop-
erties. Cell surface receptors for Lactoferrin are found
on monocytes [17] and activated lymphocytes [18].
Lactoferrin has demonstrated the ability to induce
activation of intracellular signals [19] and upregulate
adhesion molecule expression [20]. Although the reg-
ulatory action of Lactoferrin on immune system cells
remains uncertain, many positive traits warrant its
potential use as an adjuvant for veterinary vaccinations.
Lactoferrin was initially described as inhibitory to
effector phases of cellular immune responses in pre-
sensitized mice [21]. However, Lactoferrin adminis-
tered as an adjuvant component augmented cell-
mediated DTH response to the same antigens [22].
The discrepancy between these observations has not
yet been reconciled. Therefore, the goal of these studies
was to examine Lactoferrin as an adjuvant to elicit in
vivo DTH responses to antigen, and to further inves-
tigate molecular mechanisms involved in this process.

2. Materials and methods
2.1. Mice

CBA male mice (8—12 weeks old) were used for
generation of DTH responses to SRBC, similar to
previous experimentation [22]. Outbred Swiss Web-
ster males (8 weeks old) were used to examine mo-
nocytic response in vivo to Lactoferrin. All mice were
allowed continuous access to commercial, pelleted
food and water ad libitum.

2.2. Antigens, adjuvants and reagents
Preparation of SRBC antigen was accomplished

as described previously [22]. SRBC were kept in
Alsever’s medium and washed three times with PBS

before use. Low endotoxin bovine milk lactoferrin
(<1 EU/mg by Limulus Amebocyte Lysate assay,
<25% iron saturated,), complete Freund’s adjuvant
(CFA) lot F-4258, incomplete Freund’s adjuvant
(IFA) lot F 5506, and lipopolysaccharide (LPS, E. coli
k-235) were purchased from Sigma, MO, USA.

2.3. Generation of DTH response to SRBC

CBA mice were treated with antigen-adjuvant
formulation via subcutaneous (s.c.) injection at the
base of the tail in a 0.1 ml volume (naive and non-
Lactoferrin treated mice served as control). After 4
days, the delayed type hypersensitivity reaction was
elicited by s.c. administration of 10% SRBC in 0.05 ml
PBS in both hind footpads [22,23]. After 24 h, the
footpad swelling was measured with a caliper (accu-
racy 0.05 mm). The antigen specific reaction to SRBC
was calculated by subtracting SRBC-elicited reaction
in nonsensitized mice from SRBC-elicited reaction of
sensitized animals. The results were calculated as a
mean value from at least 6 mice * standard error (SE),
expressed in DTH units (1 unit=0.1 mm).

2.4. In vivo stimulation

Peritoneal cells were collected from mice 48 h
following intraperitoneal injection with either 100 g
Lactoferrin in 1 ml saline, or with 1 ml saline alone.
Cells were suspended in culture medium consisting of
RPMI 1640, L-glutamine, sodium pyruvate, and 10%
fetal calf serum, and then distributed into 96-well flat
bottom plates (5 x 10° cells/0.2 ml/well). Supernatants
were collected after 2 days, and assessed for cytokine
production by ELISA. Four mice per group were
assessed in triplicate, and each supernatant collected
was assayed twice.

2.5. Mitogenic activity

Activation of cells obtained from draining popliteal
lymph nodes was determined by the MTT colorimetric
method [24]. Similarly, J774A.1 murine monocytic
cells (macrophages) [ATCC # TIB-67] cultured in the
presence of Lactoferrin (0.5 pg/ml to 5 mg/ml) were
examined for mitogenic response. A cell suspension
was prepared at a density of 5 x 10° cells/ml in culture
medium consisting of RPMI 1640, r-glutamine,
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sodium pyruvate, antibiotics and 10% fetal calf serum.
The cells were distributed into 96-well flat bottom
plates (5 x 10° cells/0.2 ml/well) and cultured for 3—4
days without additional stimulation. MTT (tetrazo-
lium bromide salt) was added to 1 mg/ml, and the
absorbance at 450 nm read after 4 h by an ELISA
plate reader (Molecular Devices, Sunnyvale, CA).
This absorbance is linearly proportional to the number
of live cells with active mitochondria.

2.6. ELISA evaluation

Supernatants collected from cells stimulated in
vivo were examined for TNF-a, IL-103, IL-10, IL-12
and MIP-1a using commercially available enzyme
linked immunosorbent assay (ELISA) DuoSet Kkits
(R&D Systems, Minneapolis, MN) [25]. Likewise,
J774A.1 macrophages cultured in the presence of Lac-
toferrin (1 pg/ml to 125 pg/ml) for 18 h were exa-
mined for TNF-a protein production. Briefly, Costar
96-Well Vinyl Assay Plates were coated overnight
with capture antibody. Plates were washed three times
with wash buffer (0.05% Tween-20 in PBS). Blocking
buffer (1% BSA, 5% sucrose, 0.05% NaN; in PBS)
was added for 3 h. After three washings, 100 pl cell
supernatants were added for 2-h incubation. Biotin-
conjugated secondary antibodies were added after
washing, incubated for 2 h, washed, and then devel-
oped using streptavidin—horseradish peroxidase (Sig-

Table 1
Oligonucleotide Primers and Probes

ma) and TMB Microwell Peroxidase Substrate (Kier-
kegaard and Perry). Absorbance was read at 570 and
450 nm on an ELISA plate reader (Molecular Devi-
ces). A mean of triplicate wells was calculated based
on a standard curve constructed for each assay, using
recombinant murine cytokines (R&D Systems). Limit
of sensitivity for these assays ranged between 5 and
10 pg/ml.

2.7. Quantitative bioluminescent RT-PCR

Evaluation of relative changes in mRNA for multi-
ple cytokines and chemokines was accomplished
using the Bioluminescent Quantitative Reverse Tran-
scriptase—Polymerase Chain Reaction (BL QRT-
PCR) method [26—28]. J774A.1 cells (5 x 10° cells)
were cultured with Lactoferrin (1 pg/ml to 1000 pg/ml)
for 4 or 24 h. Briefly, 1 pg total RNA was isolated and
reverse-transcribed to cDNA [27,29]. The cDNA was
diluted 1:8, and amplified using a sense primer bio-
tinylated on the 5’ terminal nucleotide to facilitate later
capture on Streptavidin-Microtiterplates® (MicroCoat,
Penzberg, Germany). The PCR primer pair was chosen
to span at least one intron, thus precluding amplifica-
tion of genomic DNA. Detection used a digoxigenin
labeled probe and AquaLite®/ChemFlash anti-DIG
(Chemicon, Temecula, CA) [30]. Products are reported
as 3-actin normalized RLU values. Primers and probes
are listed in Table 1, or have been listed elsewhere [29].

Protein Primers Product No. of Probe
size (bp) cycles

B-actin s? biotin-ATGGATGACGATATCGCT 185 23 GAGCACCCTGTGCTGCTC-dig
as ATGAGGTAGTCTGTCAGGT

IL-10 s biotin-GACCAGCTGGACAACATAC 401 28 CATTTCCGATAAGGCTTGG-dig
as CTGGAGTCCAGCAGACTC

IL-12 (p40) s biotinrAGCACCAAATTACTCCGGAC 121 30 TCTTTGCACCAGCCATGAG-dig
as ATTCCACATGTCACTGCCC

IL-15 s BiotinrAGAGGCAGCACAGCTCCAT 121 30 GAAGCTTAGTTTGCCCAGCA-dig
as TAAGTCTGAGACGAGCTCTTT

MIP-1c s biotin-GCAGCAGCGAGTACCAGTC 345 23 CTGTAGGAGAAGCAGCAG-dig
as GGCATTCAGTTCCAGGTCA

MIP-2 s biotin-TCCCACCTGCCGGCT 252 30 TCCTGGGGGCGTCACA-dig
as TGAACCAGGGGGGCTT

? s, sense; as, antisense; biotin, 5 -biotinylated; dig, 3’ -digoxygenin; bp, base pairs.
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2.8. Statistics

All data are expressed in DTH units (1 unit=0.1
mm) as mean values from up to 10 determina-
tions + SE. ELISA evaluation shows mean values with
standard deviation (SD). Differences between groups
were analyzed by the Student unpaired #-test when two
groups were analyzed and analysis of variance
(ANOVA) when more than two groups were analyzed.

3. Results
3.1. Effect of lactoferrin on DTH to SRBC in mice

Bovine Lactoferrin augmented DTH response in
CBA mice, immunized s.c. at the base of the tail with
10® SRBC in Complete Freund’s Adjuvant. A sensitiz-
ing dose of SRBC antigen was administered together
with either Lactoferrin and CFA, or CFA alone. Four
days later the DTH reaction was elicited in hind foot-
pads by injection of 10® SRBC in PBS and the footpad
swelling was measured after 24 h (Table 2). An antigen-
specific response was calculated by subtracting the
nonspecific reaction caused by injection of the eliciting
dose of antigen into the footpads of naive mice.
Sensitization without Lactoferrin elicited a response
of 11.8 £ 0.57 units. Elicited DTH responses were
significantly increased (P <0.001) when sensitization
was accomplished using Lactoferrin at both 50 pg/dose

Table 2
Co-stimulatory effects of Lactoferrin on SRBC-induced DTH

DTH units + SE

Treatment of mice

CFA alone - 11.8+£0.57

CFA + 10 pg LF 12.6 £ 0.038
50 pg LF 22.4+0.93*
250 pg LF 219 £0.81%*

Mice were immunized s.c. at tail base with 10® SRBC in CFA.
Lactoferrin was admixed together with CFA and the sensitizing dose
of antigen, and injected s.c. Four days later, DTH reaction was
elicited in hind footpads by injection of 10° SRBC in PBS. The
footpad swelling was measured after 24 h and expressed in DTH
units (1 unit=0.1 mm), + SE. Antigen-specific response was cal-
culated by subtracting nonspecific reaction caused by injection of
the eliciting dose of antigen into footpads of naive mice. Values
significantly different from CFA alone, *P<0.001. LF =Lactofer-
rin.

Table 3
Co-stimulatory effects of Lactoferrin on SRBC-induced delayed
type hypersensitivity using suboptimal dose of SRBC

DTH units + SE

Treatment of mice

IFA alone SRBC 10° 1.1+0.57
SRBC 10’ 7.8 4+ 0.60
SRBC 10® 18.3+0.93

IFA +LF 250 pg SRBC 10° 17.6 + 0.55*%
SRBC 10’ 20.3 + 0.99*%
SRBC 10® 20.9 +0.82

Mice were immunized s.c. with SRBC (10, 107 or 10%) in IFA, or in
IFA and Lactoferrin (250 pg). Four days later the DTH reaction was
elicited by s.c. administration of 10° SRBC into hind footpad.
Footpad swelling was measured after 24 h and expressed in DTH
units (1 unit=0.1 mm), + standard error. Values significantly dif-
ferent from IFA alone control with same SRBC dose, * P<0.001.

(22.4 £ 0.93 units) and 250 pg/dose (21.9 £0.81
units), but not at 10 pg/dose (12.6 + 0.38 units).

Our objective was to eliminate the need for many of
the immunostimulatory components (e.g. mycobacte-
rial cell wall) found in CFA. Therefore, further sensi-
tization was accomplished using Lactoferrin (250 pg/
dose) admixed with the eliciting dose of 10°, 107 or
10® SRBC antigen and given s.c. with incomplete
Freund’s (IFA) (vehicle only). Again, the magnitude
of DTH reaction was determined by the footpad test.
When Lactoferrin was admixed with IFA and SRBC,
a relatively low level of sensitizing antigen could be
used to achieve production of DTH response (Table 3).
Use of Lactoferrin admixed with suboptimal dose of
antigen greatly enhanced DTH response. The most
spectacular effects were demonstrated when using
100-fold reduced antigen dose (10° SRBC), normally
non-immunogenic (1.1 £ 0.57 units) to mice. In this
case, DTH responses were 17-fold augmented by Lac-
toferrin. Lactoferrin given to mice with 10-fold reduced
dose of antigen (10’7 SRBC) also significantly en-
hanced DTH response. In these experiments, Lactofer-
rin given to mice with 10% SRBC did not significantly
increase footpad swelling (20.9 + 0.82 units vs. 18.3 +
0.93 units for control); however, it is important to note
that DTH responses were not suppressed in this reac-
tion.

3.2. Stimulation of cellular immune response to SRBC

The effect of Lactoferrin on mitogenic activity in
draining lymph nodes was examined. Mice were trea-
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ted with increasing doses of Lactoferrin with sensitiz-
ing dose of SRBC in IFA. DTH responses were
induced, and 24 h later popliteal lymph nodes were
isolated. As illustrated in Table 4, proliferation of
lymph node cells from mice treated with Lactoferrin
was significantly augmented (P<0.01) in a dose—
response manner, compared to mice sensitized in the
absence of Lactoferrin.

3.3. In vivo stimulation by Lactoferrin

We next addressed whether Lactoferrin could
directly activate cells involved in antigen presentation.
Mice were intraperitoneal primed with a single bolus
injection of 100 pg Lactoferrin, or given a saline as a
control. Cells were harvested 48 h later, counted, and
placed into culture without further stimulation to
assess in vivo activation due to Lactoferrin. Admin-
istration of Lactoferrin caused a modest, but non-
significant, increase in total number of cells recovered
from the peritoneal cavity (Table 5). Cells recovered
from both groups were primarily mononuclear, with a
high predominance of larger macrophages (approxi-
mately 70%) present in both groups.

Assessment of supernatants indicated a modest, but
significant, activation of cells obtained from the
Lactoferrin-treated mice (Table 6). There was signifi-
cant increase in production of IL-12 and macrophage
inflammatory protein 1 alpha (MIP-1a) in the Lacto-
ferrin treated group, compared to the saline treated
controls (P<0.05). In the Lactoferrin group, IL-12
was significantly elevated, with production of 1.08 ng/

Table 4

Activation response following Lactoferrin sensitization

Treatment of mice Mean OD + SE
IFA alone SRBC 10* 0.259 £ 0.007
IFA+10 pg LF SRBC 10° 0.318+0.010"
IFA+50 pg LF SRBC 10° 0.319 +0.005 "
IFA+250 pg LF SRBC 10° 0.470 + 0.016*

Mice were sensitized with SRBC in IFA s.c. into tail base (control),
or admixed with 10—250 pg/dose Lactoferrin. Four days later, DTH
responses were induced with administration of 10% SRBC into hind
footpads. After 24 h the draining, popliteal lymph nodes were iso-
lated, cell suspensions prepared and incubated for 4 days (5 x 10°
cells/well) in the absence of antigen. Mitogenic activity was deter-
mined by the MTT colorimetric method (Mean ODys ,,y,, + standard
error). Values significantly different from IFA alone control,
+P<0.01, * P<0.001.

Table 5
Intraperitoneal injection of Lactoferrin increases peritoneal cell
numbers

Group Cells recovered ( x 10°) Range ( x 10°)
Saline 24+0.1 1.62-3.84
Lactoferrin 39+ 1.0 3.15-5.20

Mice were injected i.p. with a bolus dose of 100 pg Lactoferrin in
saline, or saline alone. Chart represents total cells recovered from the
peritoneal cavity 48 h later. 7-test analysis indicating modest increase
in cells recovered compared to saline control group, * P<0.072.

ml compared to 0.83 ng/ml from the saline control
group (P=0.044). MIP-1a production was also sig-
nificantly increased, with 0.84 ng/ml produced from
the Lactoferrin treated mice compared to 0.72 ng/ml
by the saline control derived cells (P=0.047). A
slight and non-significant increase in TNF-a produc-
tion was also present compared to saline controls
(1.42 vs. 1.24 ng/ml; P=0.06). There was no signifi-
cant production of IL-13 or IL-10 in either group.

3.4. Lactoferrin stimulation of murine monocytic
J774A.1 cells

Direct effects of Lactoferrin on purified culture
J774A.1 murine monocytic cells (macrophages) were
analyzed. J774A.1 cells were cultured in the presence
of Lactoferrin (1 pg/ml to 5 mg/ml) and examined for
general activation, protein production, and changes in
mRNA synthesis. Lactoferrin stimulated proliferation
of J774A.1 cells in a dose-dependent manner, with
maximal activation response upon culture with 50 g/
ml to 500 pg/ml Lactoferrin (Fig. 1). In a similar
protocol, supernatants were analyzed for secreted
TNF-a protein at 18 h post incubation with Lactofer-
rin (1 pg/ml to 125 pg/ml). TNF-a was produced by
18 h in a dose-dependent manner (Fig. 2), with levels
elevated through 48 h post incubation (not shown).
ELISA analysis also revealed that no IL-103, IL-6 or
IL-10 protein was detected above background at any
time point examined (significant amounts were
detected for incubation with LPS positive control).

3.5. Lactoferrin induction of cytokine mRNAs
J774A.1 cells were cultured in increasing doses of

Lactoferrin (1 to 500 pg/ml), or 5 ng/ml LPS positive
control, and examined for changes in multiple immu-
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Table 6
In vivo stimulation following i.p. injection of Lactoferrin
Cytokine Saline Lactoferrin P value
Mean value SD Range Mean value SD Range
[ng/ml] [ng/ml]
IL-18 0.160 0.06 0.096-0.308 0.194 0.12 0.096-0.508 0.210
IL-10 0.306 0.11 0.084-0.524 0.303 0.09 0.148-0.488 0.920
IL-12 0.836 0.31 0.448-1.530 1.080 0.48 0.392-2.430 0.044
TNF-a 1.240 0.26 0.733—-1.720 1.420 0.39 0.974-2.350 0.060
MIP-1a 0.721 0.16 0.387-1.050 0.843 0.24 0.529-1.540 0.047

Peritoneal cells recovered from mice intraperitoneally injected with 100 pg Lactoferrin were cultured without further stimulation, and
supernatants assessed by ELISA for production of listed immuno-mediator. Table represents mean value of protein [ng/ml] with standard
deviation, at 48 h post culture, with range of responses indicated for four mice per group assessed twice in triplicate. P value for #-test indicates

relative differences between groups.

noregulatory messages using quantitative biolumines-
cent reverse transcriptase methods (BL QRT-PCR).
mRNA was isolated at 4 or 24 h post incubation with
Lactoferrin, reverse transcribed to cDNA and quanti-
tatively analyzed.

Lactoferrin induced production of IL-12(p40)
mRNA from J774A.1 cells, in a biphasic manner
(Fig. 3). Four hours post incubation, substantial in-
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Fig. 1. Lactoferrin-induced proliferation of cultured macrophages.
J774A.1 cells were stimulated for 72 h with Lactoferrin (0.5 to
5000 pg/ml), after which a tetrazolium bromide salt (MTT) was
added (1 mg/ml). After 4 h, absorbance was read at 450 nm on an
ELISA plate reader. Average values for three wells with standard
deviation are shown.

crease was seen using both low (1 pg/ml) and higher
doses (100—500 pg/ml), in the absence of additional
antigen. Responses were similar to those seen at 24 h
post incubation with Lactoferrin. Dramatic increases in
mRNA were demonstrated for IL-15 (Fig. 4). IL-15
levels were increased by 4 h post incubation, with

10
i TNF-a

g ]

w1 -
=, 3 ]
= ]

- d

23

H -

2

g 01 -

3 3

[

h 4

Z E

= 0.01 -

S = v w
S = o N~

125
LPS

Lactoferrin [Lg/ml]

Fig. 2. Lactoferrin-induced TNF-a protein production. J774A.1
cells (5 x 10°/well) were stimulated with bovine Lactoferrin (1.0 to
125 pg/ml) or LPS (5 ng/ml; hatched bar) for 18 h. TNF-«
production was quantified by ELISA analysis. Lactoferrin induced
production of TNF-« protein in a dose-dependent manner. Average
values (ng/ml) for three wells with standard deviation are shown. No
Lactoferrin (open bar).
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Fig. 3. Lactoferrin-induced IL-12(p40) mRNA from macrophages.
Biphasic expression of IL-12 mRNA in J774A.1 cells was
determined following incubation with Lactoferrin (1.0 to 500 pg/
ml). Message was reverse-transcribed to cDNA, and evaluated by
QRT-PCR and bioluminescent hybridization immunoassay. cDNA
from cultured cells were amplified using IL-12(p40) specific
primers; product was quantitated as (-actin normalized values.
The fold increase compared values obtained for untreated cells
(open bar). Positive increase in IL-12 mRNA shown for LPS (5 ng/
ml; hatched bar). Data expressed as mean values for three wells over
two experiments, standard errors shown.

levels reaching higher than 10-fold at all levels exam-
ined except the lowest dose of 1 pg/ml. In fact, in-
cubation with Lactoferrin at 5 pg/ml increased mRNA
levels greater than 120-fold above the constitutive
level. In contrast, LPS stimulation was only 17.2-fold
greater than controls.

IL-10 mRNA was dramatically reduced by 4 h post
stimulation (Fig. 5). As levels of Lactoferrin increased,
the message for IL-10 completely disappeared (calcu-
lated quantitatively at a greater than 10-fold decrease
vs. constitutive levels) at 500 and 1000 pg/ml. This
decrease was maintained through 24 h post incubation.
LPS positive control readily induced IL-10 mRNA in
these cells.

Although protein levels for TNF-a were elevated
following Lactoferrin stimulation, no change in TNF-

o mRNA was detected. Levels of mRNA for IL-3,
Nitric Oxide Synthase, and IL-6 remained at constit-
utive levels at 4 and 24 h post incubation with
Lactoferrin, at all concentrations tested (not shown).

3.6. Lactoferrin-induced chemokine mRNA produc-
tion

BL QRT-PCR analysis also revealed changes in
chemokine mRNA production in response to Lactofer-
rin. By 4 h post incubation, mRNA levels in J774A.1
cells had significantly elevated message (>10-fold) for
macrophage inflammatory protein 2 (MIP-2) (not
shown); at higher doses (50 pg/ml to 1 mg/ml) changes
were seen after 24 h incubation (Fig. 6). Also at 24 h
post incubation, J774A.1 cells produced considerable
MIP-1co mRNA in a dose dependent manner, with
greater than 30-fold induction using 50 and 100 g/
ml Lactoferrin. The relative changes in mRNA were
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Fig. 4. Lactoferrin-induced IL-15 mRNA from monocyte/macro-
phages. Expression of IL-15 mRNA in the J774A.1 cells was
examined following incubation with Lactoferrin (1.0 to 1000 pg/ml)
or LPS (5 ng/ml; hatched bar) for 4 h. Message was evaluated by
quantitative RT-PCR and bioluminescent hybridization immuno-
assay. Samples were quantitated as 3-actin normalized RLU values,
expressed as relative change compared to values obtained for
untreated cells (open bar). Data are expressed as mean values for
three wells with standard errors shown.
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Fig. 5. Decreased IL-10 mRNA following incubation with
Lactoferrin. Expression of IL-10 mRNA in the J774A.1 cells was
examined following incubation with Lactoferrin (1.0 to 1000 pg/ml)
or LPS (5 ng/ml; hatched bar). Message was evaluated by BL QRT-
PCR, and compared to values obtained for untreated cells (open
bar). Data are expressed as mean values for three or four wells with
standard errors shown.
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specific for a subset of chemokines; no changes were
demonstrated for macrophage chemotactic factor-1
(MCP-1) or IP-10.

4. Discussion

We demonstrate that Lactoferrin given to mice
subcutaneously at the time of immunization with
antigen augments DTH responses in mice in a dose-
dependent manner. The response due to Lactoferrin
appears to be in part via direct effects upon antigen
presenting cells; intraperitoneal administration of Lac-
toferrin led to stimulation of primary peritoneal exu-
date cells to produce TNF-q, IL-12 and MIP-1a. We
build on these findings to show that Lactoferrin can
stimulate production of immune mediators important
in induction of cell mediated responses from immor-
talized murine macrophages.

Macrophages contribute to the inflammatory res-
ponse following administration of adjuvant materials,
readily secreting cytokines and chemokines to recruit
other immune system cells. The J774A.1 cells were
used here as an investigative model for possible macro-
phage responses in vivo. As such, they may not truly
represent skin resident macrophages and dendritic cells
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Fig. 6. Lactoferrin-induced chemokine mRNA from monocyte/macrophages. Expression of MIP-1a and MIP-2 chemokine mRNA in the
J774A.1 cells was examined following incubation with Lactoferrin (1.0 to 1000 pg/ml) or LPS (5 ng/ml; hatched bar) for 24 h. Message was
evaluated by quantitative RT-PCR and bioluminescent hybridization immunoassay. Samples were quantitated as {3-actin normalized RLU
values, expressed as relative change compared to values obtained for untreated cells (open bar). Data are expressed as mean values for three

wells with standard errors shown.
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responding to adjuvant during subcutaneous adminis-
tration of adjuvanted antigens. However, these cells are
a well characterized culture line that can readily
respond to stimulation with adjuvant material [31,32],
and can prime T cell responses to entrapped antigen
through upregulation of B7.1 and B7.2 on their surface
after adjuvant administration [31]. The J774A.1 macro-
phages behaved in a similar manner to the peritoneal
cells stimulated with Lactoferrin in vivo. In the studies
described here, Lactoferrin stimulated the production
of TNF-a protein from cultured J774A.1 cells.
Although protein levels for TNF-a were elevated
following Lactoferrin stimulation, no change in TNF-
a mRNA was detected. This is not surprising due to
regulation of TNF-« protein at the post-transcriptional
level [33]. Lactoferrin also increased mRNA for IL-12,
IL-15, and chemotactic factors. Conversely, IL-10
mRNA decreased considerably from constitutive levels
at high doses.

It is interesting to consider the mechanisms under
which Lactoferrin, an important component of the host
defense system, can serve as an adjuvant/accessory
immunostimulant [34,35]. Both systemic and local co-
administration of Lactoferrin with sensitizing dose of
antigen enhances delayed type hypersensitivity in mice
[22]. Lactoferrin is an iron binding protein with multi-
functional immunoregulatory properties [7,8,34—37].
Initial vascular inflammation response to Gram neg-
ative bacteria coincides with a burst of pro-inflamma-
tory cytokines TNF-q, IL-103, and colony stimulating
factor (CSF), all derived from activated monocytes—
macrophages. Subsequent to the release of cytokines,
neutrophils acutely increase, invade the tissues and
attract these cells. Degranulation of neutrophils is
linked to a massive release of Lactoferrin [38]. The
signals by which Lactoferrin is released from neutro-
phils are different depending on the type, location and
severity of insult [38,39]. Furthermore, when released
from neutrophils, Lactoferrin can modify the immune
status of cells to develop adequate responses to patho-
gens or clinical insults [39,40]. Taken together, the
released Lactoferrin may prime innate phagocytic cells
as they respond to local damage during acute infection.

In examination of draining lymph nodes (popliteal),
we noticed increased activation events due to Lacto-
ferrin following induction of DTH, in a dose-dependent
manner. This suggests involvement or activation of
Thl cells. We cannot rule out that this response may be

in part due to specific T cells responding to heterolo-
gous epitopes between bovine Lactoferrin and murine
Lactoferrin. However, non-murine Lactoferrin has
been shown in mice to promote maturation of T cell
precursors into immunocompetent helper cells [7] and
differentiation of immature B cells to become efficient
antigen-presenting cells [7]. Lactoferrin can also
increase antigen-presenting cell activity [8], as well
as directly stimulate production of TNF-a from human
PBMCs [40]. Responses are dose-dependent; levels
10—100 fold greater than those used in these studies
can cause inhibition of TNF-« in the presence of LPS
[41]. Cellular receptors specific for Lactoferrin are
present on immune cells. Receptors for Lactoferrin
have been identified and characterized on monocytes
[17], B and T cells [42]. Once bound to the cell surface,
Lactoferrin mediates up-regulation of adhesion mole-
cule expression, such as that seen for leukocyte func-
tion associated-1 (LFA-1) antigen on human peripheral
blood lymphocytes [43], an effect mediated by TNF-au.
We show here the potential for Lactoferrin-mediated
induction of both C—X—C (MIP-2) and C—C (MIP-1c)
chemokines. Taken together, these described phenom-
enon may result in augmentation of the immune
response since LFA-1 antigen is involved in cell to cell
cooperation between T cells (LFA-1) and antigen-
presenting cells ICAM-1) during antigen presentation.

Lactoferrin therefore appears to be an ideal adjuvant
component candidate for the production of cell-medi-
ated responses. In healthy individuals, Lactoferrin does
not elicit antibody production to itself. Also, there is no
reported toxicity to Lactoferrin. To date there is no
evidence for undesirable effects associated with sub-
cutaneous, intramuscular, or oral administration of
Lactoferrin (e.g. inflammation, necrosis, granuloma
formation), with little to no overall toxicity [44,45].
Adjuvants that directly regulate immunomodulators of
immune responses should be most efficacious, both
qualitatively and quantitatively. Dose of adjuvant ad-
ministered is important. J774A.1 cells produced IL-12
mRNA in a biphasic manner, the reasons for which
remain unknown at this time. This suggests involve-
ment of a high and low affinity receptor for Lactoferrin
on these cells. More important is the presence of IL-12
message, even at low concentrations of Lactoferrin. IL-
12 augments the production of IFN~, which favors the
production of cell-mediated responses [46]. The pri-
mary cascade of cytokine production at the site of
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antigen and adjuvant injection is critical to further
development of immune responses. The absence of
IL-10, and the reduction in IL-10 mRNA from the
J774A.1 cells, may be significant because of this
molecule’s ability to inhibit Th1 function [47]. Recent
experiments indicate that in addition to initial immu-
nomodulators that drive T helper cell development (e.g.
IL-12, IL-4), it is also necessary to produce secondary
molecules such as IL-15 to maintain T cell memory
responses. IL-15 is involved in protection against
infections through activation of innate immunity and
via mounting further adaptive immunity [48]. IL-15
stimulates T cells and B cells to proliferate and secrete
cytokines. IL-15 also exerts unique functions such as
stimulation of phagocytes and migration of activated/
memory T cells [49], with evidence for an additional
role in development of memory cells to further dictate
cell-mediated responses [50,51]. Although IL-15 may
not play a direct role in our 4-day sensitization studies,
the stimulation of phagocytes may be relevant in our
model of DTH using specific antigen.

There is a genuine need for an adjuvant to replace
CFA for generation of DTH and CMI. Clearly, CFA is
an effective adjuvant for generation of cell-mediated
response; however, it is undesirable even as a research
reagent due to granuloma formation at the site of in-
jection and local ulceration when delivered subcuta-
neously [4]. A specific niche for Lactoferrin-based
adjuvants could be in the research market, as a replace-
ment for CFA. Towards that goal, we have undertaken
some basic experimental protocols to determine mech-
anisms of action in induction of the CMI response by
Lactoferrin. The studies suggest that Lactoferrin may
assist development of Thl cell-mediated immunity,
particularly in the absence of a pre-established adaptive
response. Adjuvants must be targeted according to
several criteria, such as target species, antigens, type
of immune response, route of inoculation, or duration
of immunity desired. Lactoferrin containing adjuvants
may offer a unique opportunity to exploit a natural
immune regulatory molecule to improve efficacy of
vaccines.
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