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Lactoferrin Accelerates Reconstitution of the Humoral and
Cellular Immune Response During Chemotherapy-induced
Immunosuppression and Bone Marrow Transplant in Mice
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ABSTRACT

Experimental evidence from previous studies supports the conclusion that orally administered lacto-
ferrin (LF) restores the immune response in mice treated with a sublethal dose of cyclophosphamide
(CP). The aim of this study was to elucidate potential benefit of LF in mice undergoing chemo-
therapy with busulfan (BU) and CP, followed by intravenous (i.v.) injection of bone marrow cells.
CBA mice were treated orally with busulfan (4 mg/kg) for 4 consecutive days, followed by two daily
doses of CP delivered intraperitoneally (i.p.) at a dose of 100 mg/kg and reconstituted next day with
i.v. injection of 107 syngeneic bone marrow cells. One group of these mice was given LF in drink-
ing water (0.5% solution). After treatment, mice were immunized with ovalbumin (OVA) to subse-
quently measure delayed type hypersensitivity responsiveness and with sheep red blood cells to de-
termine humoral immunity by evaluation of splenic antibody-forming cells. As expected, both
humoral and cellular immune responses of mice that were treated with these chemotherapeutic
agents was markedly impaired. Here we report that this impairment was remarkably attenuated by
oral administration of LF. Humoral immunity fell to levels that were 66—88% lower than that of
untreated animals. Humoral immunity of LF-treated animals was equivalent to that of untreated
mice within 1 month. Cellular immune responses were inhibited by chemotherapy treatment to a
lesser degree, reaching levels that were approximately 50% lower than those of untreated animals.
Again, LF mitigated this decrease, resulting in responses that were only slightly lower than those
observed in untreated animals. Furthermore, when mice were given a lethal dose of BU (4 X 25 mg
daily doses, i.p.) followed by a bone marrow transplant, LF caused enhanced lympho-, erythro-, and
myelopoiesis in the bone marrow and appearance of transforming splenic lymphoblasts, similar to
effects caused by administration of recombinant human granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF). In summary, our study suggests that LF may be a useful agent to accelerate
restoration of immune responsiveness induced by chemotherapy in bone marrow transplant
recipients.
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INTRODUCTION

MMUNOSUPPRESSIVE AGENTS are predominantly used in

chemotherapy of autoimmune and neoplastic diseases,
and in prevention of allograft rejection and graft-versus-
host disease. Cyclophosphamide (CP), an alkylating, im-
munosuppressive drug (1), is fairly effective in treatment
of systemic lupus erythematosus (2), nephritis (3), mul-
tiple sclerosis (4), rheumatoid arthritis (5), and lym-
phomas (6). CP treatment, however, leads to profound
leukopenia (7) and neutropenia (8). The compound pref-
erentially affects B lymphocytes (9), probably because of
their longer life span compared with T cells (10). Con-
sequently, the humoral immune response is more pro-
foundly inhibited than T cell-mediated cellular responses
(11). CP is also used with other chemotherapeutics, like
busulfan (BU), in the conditioning regimen of patients
scheduled for bone marrow transplantation (12,13).
Busulfan, a myeloablative, but not an immunosuppres-
sory agent, is cytotoxic for early hematopoietic cells pro-
viding similar benefit to patients as whole-body irradia-
tion (14). BU is more often applied for the conditioning
regimen of patient before bone marrow transplant than
irradiation, in part, due to faster renewal of the immune
function (15). A combinatory chemotherapy in mice with
application of cyclophosphamide, cisplatin and 1,3-bis(2-
chloroethyl)-1-nitrosourea (16) leads to a differential re-
newal of neutrophils, T and B cells with a restoration
time of 14, 10-18, and 18-32 days, respectively.

In the early period following bone marrow transplan-
tation (BMT), patients are particularly susceptible to in-
fection due to severe immune cell depletion. To acceler-
ate immune reconstitution after chemotherapy and BMT,
cytokines such as interleukin-2 (IL-2) (17), granulocyte-
macrophage colony-stimulating factor (GM-CSF) (18),
G-CSF (19), and IL-7 (20), thymic hormones (21), bac-
terial (22), and other substances (23,24) have been tested
in various animal models. In particular, recombinant
G-CSF showed significant reduction in the duration of
severe neutropenia, leading to common use in the clinic
(25). The potential utility of lactoferrin (LF), an iron-
binding protein and constituent of neutrophils (26), in
treatment of various immunosuppressive conditions was
recently demonstrated. Oral treatment of CP-immuno-
compromised mice with LF facilitated much faster re-
constitution of both cellular (27) and humoral (28) im-
mune response, which was associated with renewal of T
cell, B cell, and macrophage levels (27,28) and normal-
ization of the main cell types in the peripheral blood (29).
To assess the clinical benefit of LF in reconstitution of
immune functions, a typical chemotherapy regimen used
for patients (12) was adopted to animal models by ap-
plying BU and CP treatment followed by BMT. In this
study, we further examine oral administration of LF to
develop faster and more pronounced immune reconstitu-

tion in mice undergoing BU/CP/BMT treatment. LF was
also assessed to facilitate engraftment of a suboptimal
bone marrow cell (BMC) dose by histological evaluation
of the bone marrow and spleenic tissue.

MATERIALS AND METHODS
Animals

Female CBA mice, 10-12 weeks old, were delivered
by the Animal Facility of the Institute of Immunology
and Experimental Therapy (Wroclaw). Mice were fed a
granulated, commercial food and filtered tap water ad li-
bitum. The local animal ethics committee approved the
study.

Antigens and reagents

Sheep red blood cells (SRBC) were supplied by Wro-
claw Agriculture Academy (Wroclaw, Poland). SRBC
were stored in Alserver’s solution at 4°C until use. Oval-
bumin (OVA) was purchased from Sigma Chemical Co.
(St. Louis, Missouri). Highly purified and essentially en-
dotoxin-free bovine lactoferrin (<4.4 E.U./mg, <25%
iron saturated) was obtained from Morrinaga Milk In-
dustry Co., Ltd, (Zama Japan). Complete (cFa) and in-
complete (iFa) Freund’s adjuvant were from Sigma
Chemical Co. (St. Louis, MO). CP was purchased from
ASTA Medica, (Frankfurt, Germany), BU from Glaxo-
Wellcome, (London, UK), and filgrastim (Neupogen®)
from Roche (Basel, Switzerland).

Experimental design

For the evaluation of LF efficacy in the restoration
of the immune fuction in immunocompromised mice,
we applied the following protocol. Mice were given BU
[4 mg/kg body weight (b.w.)] daily doses for four con-
secutive days (—6, —5, —4, and —3), followed by 2-
day administration of CP (100 mg/kg b.w. per day), in-
traperitoneally (i.p.) (days —2, —1). On the next day,
mice received 107 syngeneic bone marrow cells by in-
travenous injection into a lateral tail vein. LF was given
in drinking water (0.5% filtered solution), following the
bone marrow transfer and for the continuation of ex-
periments (7-31 days). Control mice were untreated, fed
LF orally or treated with BU/CP and given BMT. At
various time intervals, the ability of mice to develop
cellular or humoral immune response was determined.
A different experimental protocol was used to assess LF
effect on the bone marrow cell engraftment in mice de-
void of stem cells. For that purpose mice were treated
with four daily doses of BU (25 mg/kg b.w.), followed
by a BMT [10° cells, intravenously (i.v.)], 48 h later.
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Mice were given free access to 0.5% LF in drinking wa-
ter. The following control groups were used: (1) mice
treated with BU and not reconstituted with BMC, (2)
mice treated with BU, reconstituted with BMC, and (3)
mice treated with BU, reconstituted with BMC and
given four, daily subcutaneous (s.c.) injections of fil-
grastim (25 ug/kg b.w., corresponding to 2.5 X 10°
units/kg b.w. each). The filgrastim group was included
to confirm its known effects on myelopoiesis after
BMT. The spleens and femurs were isolated 8 days later
for histological examination.

Isolation of bone marrow cells

Femurs of mice were aseptically isolated, and bone mar-
row cells were obtained by flushing the bones with Hanks’
medium (0.45-mm needles using 5 ml syringes). Then, a
single cell suspension was prepared by dispersion of cells
in a syringe. Cells were washed two times with Hanks’
medium, passed through a sterile cotton wool to remove
cell debris, and counted in a hemocytometer. The cells were
finally resuspended in 0.9% NaCl and given i.v. into a lat-
eral vain at a number of 107 or 10° in a 0.2 ml volume de-
pending on experimental protocol.

Immunization of mice and determination of
antibody-forming cell number

Mice were immunized i.p. with a single dose (0.2 ml)
of 5% SRBC suspension, and after 4 days they were sac-
rificed and the spleens were isolated. The determination
of antibody-forming cells (AFC) was perfomed using the
Mishell and Dutton method (30). The results were pre-
sented as a mean AFC number per 10° viable splenocytes
from 6 mice * standard error (SE).

Preparation of histological sections

Femur and spleen sections were fixed in 4.0%
formalin solution for 24 h. Fragments of spleen were
dehydrated and embedded in paraffin. Sections of
femur were subjected to demineralization using a
mixture of sodium citrate and formic acid at a 1:1 ra-
tio, followed by dehydration and paraffin embedding.
Fragments of the preparations were subsequently seri-
ally cut (6- to 7-uwm sections) and stained with Hema-
toxylin & Eosin (H&E). The sections were evaluated
using a light microscope at 400X magnification by a
pathologist who was blinded with regard to the exper-
imental groups.

Statistics

For statistical evaluation of the data, the analysis of
variance (ANOVA) test was applied with Tukey test post

hoc. Each experimental group of mice in the determina-
tion of the humoral and cellular immune response con-
sisted of 6 mice, and the BMC engraftment experiment
of 12 mice. The results are presented as mean values from
at least six determinations = SE and were regarded as
significant when p < 0.05.

RESULTS

Effect of LF on restoration of delayed type
hypersensitivity in BU/CP-treated and bone
marrow cells-reconstituted mice

Mice were treated with the drugs and reconstituted
with BMC as described in the Materials and Methods.
Figure 1 shows the effects of LF administration on the
magnitude of OV A-specific DTH response in mice on
days 7 and 14 following BMT. The delayed-type hyper-
sensitivity (DTH) response was significantly suppressed
in BU/CP-treated mice (21% and 53.5% of the control
value on days 7 and 14). However, LF reduced the sup-
pression to 67.8% and 86.2% of the response in control
mice.

Effect of LF on restoration of the humoral
immune response in BU/CP-treated and bone
marrow cell-reconstituted mice

The results shown in Fig. 2 indicate that the humoral
immune response, determined as the number of AFC
against SRBC and expressed as the percentage of the con-
trol value, was profoundly depressed on days 14 and 21
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FIG. 1. Effect of LF on reconstitution of DTH in BU/CP-

treated and BMC-reconstituted mice. There were significant dif-
ferences in DTH by ANOVA analysis (p < 0.05). A Tukey test
showed significant differences in DTH between day 7 (con-
trol/BU CP p = 0.0001; control/BU CP LF p = 0.0002; BU
CP/BU CP LF p = 0.0001; BU CP/LF p = 0.0001; BU CP
LF/LF p = 0.0002) and day 14 (control/BU CP p = 0.0002; BU
CP/BU CP LF p = 0.0002; BU CP/LF p = 0.0002).
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FIG. 2. Effect of LF on reconstitution of humoral immune re-
sponse in BU/CP-treated and BMC-reconstituted mice. There
were significant differences in AFC number by ANOVA anal-
ysis (p < 0.05). A Tukey test showed significant differences in
AFC number between day 14 (control/BU CP p = 0.00119;
control/BU CP LF p = 0.049; LF/BU CP LF p = 0.0005;
LF/BU CP p = 0.0001), day 21 (control/BU CP p = 0.0059;
BU CP/Bu CP LF p = 0023; LF/BU CP LF p = 0.019; LF/BU
CP p = 0.0001), and day 31 (control/BU CP p = 0.0004; BU
CP/BU CP LF p = 0.0002; control/LF p = 0.006; LF/BU CP
p = 0.0001).

after BMT with a sign of recovery on day 31. The treat-
ment of mice with LF led to reduced suppression on days
14 and 21 and complete reconstitution of the immune re-
sponse by day 31.

Effects of LF on hematopoietic renewal
in mice treated with BU and reconstituted
with syngeneic BMC

Histological examination of spleens and femurs iso-
lated from mice treated with 100 mg of BU/kg b.w. and
reconstituted with 10° syngeneic BMC on day 8 follow-
ing BMT was performed by the pathologist, who was
blinded to type of experiment and treatment. Analysis of
organ sections in control mice (without BMT) revealed
typically deserted areas in the spleen and bone marrow.
Mainly fibroblasts and fibrocytes were found in the bone
marrow (Fig. 3B). In mice reconstituted with BMC,
diminution of cell number of the hematopoietic lineage,
particularly erythro- and lymphoblasts, as compared to
the normal organ picture (Fig. 3A), was seen (Fig. 3C).
Pluripotential hematopoietic cells showed a “resting”
state. Some reticular cells exhibited metaplasis to
adipocytes. Numerous macrophages were present, par-
ticularly among lympho- and erythropoietic colonies. A
distinct dilation of marrow blood vessels was also noted.
In the spleen of these mice (Fig. 4C), deserted areas in
the periphery of lymphatic follicles were observed. The
central zone of lymphatic follicles, formed by reticular

cells and lymphoblasts, was distinctly thinned, with ap-
pearance of a higher number of macrophages. That phe-
nomenon was also observed in periellipsoidal lymphatic
tissue, where deserted areas were sometimes found. In
the reticular tissue, constituting red pulp, areas of in-
creased erythrocyte degradation were registered. Mice
treated with chemotherapy and LF showed in the bone
marrow, among trabeculi of spongy bone tissue, numer-
ous cells of hematopoietic lineage with domination of
erythro- and lymphoblastic area (Fig. 3D). Pluripotential,
hematogenic cells were also abundant. Fibroblasts and fi-
brocytes were present in the vicinity of endothelium, in
the zone of the tunica adventitia. Single macrophages
were also found in the colonies of hematopoietic cells.
Distinctly formed lymphatic follicles of white pulp were
observed in the spleen of LF-treated mice (Fig. 4D). The
central zone of these follicles, as well as the periellip-
soidal lymphatic tissue, contained numerous reticular
cells, transforming lymphocytes and macrophages. In the
group of mice administered filgrastim, a significant col-
onization of pluripotential cells within bone marrow, ac-
companied by myelo- and lymphopoiesis around the
colonies, was noted (Fig. 3E). In the spleen (Fig. 4E), the
deserted areas were rare and gradually repopulated with
cells of the lymphoblastic lineage.

DISCUSSION

In this investigation, it was demonstrated that LF given
to mice orally during BU- and CP-induced immunosup-
pression and bone marrow cells reconstitution acceler-
ates renewal of the humoral and cellular immune re-
sponse. At least two mechanisms may account for these
observations: (1) direct and indirect effects of LF on mat-
uration and differentiation of immunocompetent cells
from the grafted bone marrow cells and (2) facilitation
of bone marrow cell engraftment as shown by the histo-
logical analysis of the bone marrow and spleen of mice
given a suboptimal dose of BMC and treated with LF.

The data presented here are clearly in agreement with
recent findings that LF reconstituted both cellular (27)
and humoral (28) immune responses in mice given a sub-
lethal dose of CP. Although the results obtained in the
former (27,28) and present models show similar recon-
stitution effects of LF on immune function, they appar-
ently differ in kinetics of reconstitution. Whereas the con-
trol, humoral immune response, measured as AFC
number after a high CP (350 mg/kg b.w.) dose was vir-
tually absent on day 30 following CP injection and LF
caused only 40% reconstitution (28). The control re-
sponse in BU/CP/BMT mice (this study), constituting
34% of the response of normal mice, was completely re-
stored by LF. Similar, but less marked, differences were
observed between the cellular (DTH) response in the for-
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merly described experimental system (27) and this in-
vestigation.

In comparing the results obtained here with previous
studies, it should be noted that the initial immune status
of mice before LF administration was different. Admin-
istration of high CP dose led to severe depletion of lym-
phocytes (7), neutrophils (8), and macrophages (31),
leaving early hematopoietic progenitor cells intact (1).
Mice treated with BU and CP are essentially devoid of
early hematopoietic cells (14); reconstitution with BMC
provides a pool of T and B precursors and cells of mye-
locytic lineage. Hence, the delayed reconstitution of the
humoral immune response by LF in CP-immunocom-
promised mice could be explained by a lack of or a very
limited number of early B cell progenitors. On the other
hand, in BMC-reconstituted mice, LF could act on im-
mature B cells contained in bone marrow. It was previ-
ously shown that LF can promote differentiation of im-
mature B cells from neonatal spleens (32). Although
anti-SRBC humoral immune response is T cell depen-
dent, immunocompetent T cells are not a limiting factor
because the DTH response is reconstituted more quickly
in both CP (27) and CP/BU/BMT mice (Fig. 1). That
could result from a short life span of T cells and a direct
maturation of double-negative T cell precursors in thy-
mus under the influence of LF (33). T cell precursors are
also contained in bone marrow (34,35) and could be a
target for LF action in BMC-reconstituted mice. Renewal
of the immune system function by LF may also be asso-
ciated with its action on stromal bone marrow cells by
facilitating BMC engraftment and by inducing colony-
stimulating factors and IL-6. It has been demonstrated
that LF can induce IL-6 in other mouse models (36), and,
interestingly, IL-6 up-regulation facilitates BMC en-
graftment (37). LF was also shown to increase the num-
ber of 8-day CFU in the spleens (not shown). Such
colonies, except of cells of megakaryocyte/erythroid lin-
eage, contain common myeloid precursors and even
committed precursors of T and B cells (34), and so they
may contribute to faster renewal of T cell and B cell de-
pendent immune response upon LF treatment.

Histological examination of the bone marrow and
spleens in BU-injected, BMC-reconstituted, and LF-
treated mice, were consistent with results demonstrating
accelerated renewal of the immune system function in
BU/CP-treated and BMC-reconstituted mice (Figs. 1 and
2) and prolongation of the survival time in mice treated
with BU and reconstituted with suboptimal 10° BMC (not
shown). Generally, the cytotoxic effect of BU treatment
was much more pronounced in the bone marrow because
the drug acts on early hematopoietic cells (14).The ap-
plication of LF to mice treated with BU and given a low
dose of BMC was associated with initiation of lym-
phopoiesis and erythropoiesis in the bone marrow and
transforming lymphocytes evident in the spleen. That

finding was in accord with previous data in mice treated
with a sublethal dose of CP and given LF in drinking wa-
ter, where the percentage of circulating lymphocytes was
preferentially elevated (29). On the other hand, the treat-
ment of mice with filgrastim (Figs. 3 and 4) led to an-
ticipated changes (myelopoiesis with a less marked lym-
phopoiesis), which could result from synergistic effects
of G-CSF with other cytokines (38,39).

The phenotypic characteristics of the cell target for
LF within the hematopoietic compartment is currently
under investigation. Data on the effects of LF in CP-
immunocompromised mice showed that LF accelerated
renewal of neutrophils and macrophages (28,29), the
main phagocytic cell types responsible for host defense
against infection. There are several reasons why LF, a
pleiotropic, immunoregulatory protein, should be more
advantageous in reconstruction of the immune system
function than other immunoregulatory agents. There is
ample evidence that oral administration of LF is very
effective (40) and carries no toxic effect to the patient.
In addition to being protective for the intestinal mucosa
(41,42), LF appears to promote maturation of the
progenitor cells of the lymphoid and myeloid lineage
by inducing endogenous production of cytokines
(36,43-45) and acting directly on immunologically
committed cells (32,33). In addition LF has antibacter-
ial (46) and antitumor (47) properties. In summary, this
study demonstrated the potential benefit of LF as an ad-
juvant therapy for immune system recovery in patients
subjected to chemotherapy and reconstituted with
pluripotential stem cells.

ACKNOWLEDGMENT

We thank Dr. Jeffrey K. Actor for reviewing this man-
uscript and for helpful discussions.

REFERENCES

1. Chabner BA, C Allerga, GA Curt and P Calabresi. Phar-
macological Basis of Therapeutics, 9th ed. (1996). Mc-
Graw-Hill, New York, pp. 1233-1287.

2. Mosca M, G Ruiz-Irastorza, MA Khamashta and GR
Hughes. (2001). Treatment of systemic lupus erythemato-
sus. Int Immunopharmacol 1:1065-1075.

3. Mok CC, CT Ho, KW Chan, CS Lan and RW Wong.
(2002). Outcome and prognostic indicators of diffuse pro-
liferative lupus glomerulonephritis treated with sequential
oral cyclophosphamide and azathioprine. Arthritis Rheum
46:1003-1013.

4. Weiner HL and JA Cohen. (2002). Treatment of multiple
sclerosis with cyclophosphamide: critical review of clini-
cal and immunologic effects. Mult Scler 2:142-154.

553



10.

11.

12.

13.

14.

15.

16.

17.

18.

ARTYM ET AL.

Leandro MJ, JC Edwards and G Cambridge. (2002). Clin-
ical outcome in 22 patients with rheumatoid arthritis treated
with B lymphocyte depletion. Ann Rheum Dis 61:883-888.
Asou N, H Suzushima, S Hishimura et al. (2000). Long-
term remission in an elderly patient with mantle cell leu-
kemia treated with low dose cyclophosphamide. Am J
Haematol 63:35-37.

Shalit I, Y Kletter, D Halperin et al.(2000). Immuno-
modulatory effects of moxifloxacin in comparison to
ciprofloxacin and G-CSF in a murine model of cyclophos-
phamide-induced leukopenia. Eur J Haematol 66:287-296.
Vogels MT, CC Hermsen, HL Huys et al. (1994). Roles of
tumor necrosis factor, platelet-activating factor and arachi-
donic acid metabolites in interleukin 1-induced resistance
to infection in neutropenic mice. Infect Immun 62:2065—
2070.

Hemendinger RA and SE Bloom. (1996). Selective mito-
mycin C and cyclophosphamide induction of apoptosis in
differentiating B lymphocytes compared to T lymphocytes
in vivo. Immunopharmacology 35:71-82.

Fulcher DA and A Basten. (1997). B cell life span: a re-
view. Immunol. Cell Biol 75:446-455.

Masnaya NV and GM Ratner. (2000). Effect of thymus-
dependent antigen on recovery of hemo-lymphopoiesis
impaired by antineoplastic drugs. Bull Exp Biol Med
129:370-373.

Openshaw H, BT Lund, A Kashyap, R Atkinson, I Sniecin-
ski, LP Weiner and S Forman. (2000). Peripheral blood
stem transplantation in multople sclerosis with busulfan
and cyclophosphamide conditioning: report of toxicity and
immunological monitoring. Biol Blood Marrow Transplant
6:563-575.

Sandler ES, R Hagg, MJ Coppes, MM Mustafa, A Gamis,
H Kamani and D Wall. (2000). Hematopoietic stem cell
transplantation (HSCT) with a conditioning regimen of
busulfan, cyclophosphamide and etoposide for children
with acute myelogeneus leukemia (AML): a phase I study
of the Pediatric Blood and Marrow Transplant Consortium
Med Pediatr Oncol 35:403—409.

Hassan Z, E Hellstrom-Lindberg, S Alsadi, M Edgren, H
Hagglund and M Hassan. (2002). The effect of modulation
of glutathione cellular content on busulfan-induced cyto-
toxicity on hematopoietic cells in vitro and in vivo. Bone
Marrow Transplant 30:141-147.

Ferry C and G Socie. (2003). Busulfan-cyclophosphamide
versus total body irradiation-cyclophosphamide as prepar-
ative regimen before allogenic hematopoietic stem cell
transplantation for acute myleoid leukemia: what have we
learned? Exp Hematol 31:1182-1186.

Talmadge JE, JD Jackson, CD Borgeson and GA Perry.
(1994). Differential recovery of polymorphonuclear neu-
trophils, B and T cell subpopulations in the thymus,
bone marrow, spleen and blood of mice following split-dose
polychemotherapy. Cancer Immunol Immunother 39:59-67.
Walker CM, V Paetkau, WE Rawls and KL Rosental.
(1985). Abrogation of anti-Pichinde virus cytotoxic T cell
memory by cyclophosphamide and restoration by coinfec-
tion or interleukin 2. J Immunol 135:1401-1407.
Santosuosso M, M Divangahi, A Zganiacz and Z Xing.
(2002). Reduced tissue macrophage population in the lung

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

554

by anticancer agent cyclophosphamide: restoration by lo-
cal granulocyte macrophage-colony-stimulating factor
gene transfer. Blood 99:1246-1252.

Fine JC, XY Cai, L Justice, CP Gommol Jr, LD Hamilton,
TA Walters, SK Narula, LA Bober and MJ Grace. (1997).
A specific stimulator of granulocyte colony-stimulating
factor accelerates recovery from cyclophosphamide-in-
duced neutropenia in the mouse. Blood 90:795-802.
Morrisey PJ, P Conlon, S Braddy, DE Williams, AE Namen
and DY Mochizuki. (1991). Administration of IL-7 to mice
with cyclophosphamide-induced lymphopenia accelerates
lymphocyte repopulation. J Immunol 146:1547-1552.
Ohmori H, M Kamo, K Yamakoshi, MH Nita, M Hikida and
N Kanayama. (2001). Restoration of immunocyte function
by thymosin alpha in cyclophosphamide-induced immuno-
deficient mice. Immunopharmacol Immunotoxicol 23:75-82.
Zaidi SI, KP Singh, AK Raisuddin Saxena and PK Ray.
(1990). Protein A induced abrogation of cyclophosphamide
toxicity is associated with concomitant potentiation of im-
mune function of host. Immunopharmacol Immunotoxicol
12:479-512.

Matsumoto Y, AA Adjei, K Yamauchi, M Kise, H
Yokoyama, Y Shinagawa and S Yamamoto. (1995). Nu-
cleoside-nucleotide mixture increases peripheral neu-
trophils in cyclophosphamide-induced neutropenic mice.
Nutrition 11:296-299.

Wang GL and ZB Lin. (1996). The immunomodulatory ef-
fect of lentinan. Yao Xue Bao 31:86-90.

Wolf T and JJ Densmore. (2004). Pegfilgrastim use during
chemotherapy: current and future applications. Curr.
Hematol. Rep 3:419-423.

Lonnerdal B and Iyer S. (1995). Lactoferrin: molecular
structure and biological function. Annu Rev Nutr
15:93-110.

Artym J, M Zimecki and ML Kruzel. (2003). Reconstitu-
tion of the cellular immune response by lactoferrin in cy-
clophosphamide-treated mice is correlated with renewal of
T-cell compartment. Immunobiology 207:187-205.
Artym J, M Zimecki, M Paprocka and ML Kruzel.
(2003). Orally administered lactoferrin restores humoral
immune response in immunocompromised mice. Im-
munol Lett 8§9:9-15.

Artym J, M Zimecki and M Kruzel. (2004). Normalization
of peripheral blood cell composition by lactoferrin in
cyclophosphamide-treated mice. Med Sci Monit 10:
BR84-89.

Mishell RI and RW Dutton. (1967). Immunization of dis-
sociated spleen cell cultures from normal mice. J Exp Med
126:423-442.

Marcinkiewicz J, K Bryniarski and W Ptak. (1994). Cy-
clophosphamide uncovers two separate macrophage subpop-
ulations with opposite immunogenic potential and different
patterns of monokine production. Cytokine 6:472-477.
Zimecki M, J Mazurier, G Spik and JA Kapp. (1995). Hu-
man lactoferrin induces phenotypic and functional changes
in murine splenic B cells. Immunology 86:122-127.
Zimecki M, J Mazurier, M Machnicki, Z Wieczorek, J
Montreuil and G Spik. (1991). Immunostimulatory activ-
ity of lactotransferrin and maturation of CD4-CD8-murine
thymocytes. Immunol Lett 30:119-123.



34.

35.

36.

37.

38.

39.

40.

41.

42.

LACTOFERRIN RECONSTITUTES IMMUNE RESPONSES IN IMMUNOCOMPROMISED MICE

Lepault F, S Ezine and MC Gagnerault. (1993). T and B-
lymphocyte differentiation potentials of spleen colony-
forming cell. Blood 81:950-955.

Dejbakhsh-Jones S and S Strober. (1999). Identification of
an early T-cell progenitor for a pathway of T cell matura-
tion in the bone marrow. Proc Natl Acad Sci USA
96:14493-14498.

Machnicki M, M Zimecki and T Zagulski. (1993): Lacto-
ferrin regulates the release of tumour necrosis factor alpha
and interleukin 6 in vivo. Int. J Exp Pathol 74:433-439.
Givon T, M Revel and S Slavin. (1994). Potential use of
interleukin 6 in bone marrow transplantation: Effects of re-
combinant human interleukin 6 after syngeneic and semi-
allogeneic bone marrow transplantation in mice. Blood
83:1690-1697.

Yamada T, H Kaneko, K lizuka, Y Matsubayashi, Y Kokai
and J Fujimoto. (1996). Elevation of lymphocyte and he-
matopoietic stem cell numbers in mice transgenic for hu-
man granulocyte CSF. Lab Invest 74:384-394.

Hirayama F and M Ogawa. (1994): Cytokine regulation of
early B-lymphopoiesis assessed in culture. Blood Cells,
20:341-346.

Debbabi H, M Dubarry, M Rautureau and D Tome. (1998).
Bovine lactoferrin induces both mucosal and systemic im-
mune response in mice. J Dairy Res 65:283-293.

Kruzel ML, Y Harari, CY Chen and AG Castro. (2000).
Lactoferrin protects gut mucosal integrity during endotox-
emia induced by lipopolysaccharide in mice. Inflammation
24:33-44.

Inoue M, T Okamura, M Yasui, N Sakata, K Yagi and K
Kawa. (2001). Lactoferrin for gut GVHD. Bone Marrow
Transplant 28:1091-1092.

43.

44.

45.

46.

47.

Sawatzki G and IN Rich. (1989). Lactoferrin stimulates
colony stimulating factor production in vitro and in vivo.
Blood Cells 15:371-385.

Rich IN and G Sawatzki. (1989). Lactoferrin, the signal for
colony stimulating factor production? Negative-feedback
regulation versus supply-and-demand regulation of myelo-
poiesis. Blood Cells 15:400—406.

Actor JK, SA Hwang, M Olsen, M Zimecki, RL Hunter
Jr and ML Kruzel. (2002). Lactoferrin immunomodula-
tion of DTH response in mice. Int Immunopharmacol
2:475-486.

Baveye S, E Elass, ] Mazurier, G Spik and D Legrand.
(1999). Lactoferrin: a multifunctional protein involved in
the modulation of the inflammatory process. Clin Chem
Lab Med 37:281-286.

Yoo YC, S Watanabe, R Watanabe, K Hata, K Shimazaki
and I Azuma. (1997). Bovine lactoferrin and lactoferricin,
a peptide derived from bovine lactoferrin, inhibit tumor me-
tastasis in mice. Jpn J Cancer Res 88:184—190.

Address reprint requests to:

Dr. Marian L. Kruzel

University of Texas

Health Science Center at Houston

Department of Integrative Biology and Pharmacology

MSB 4.100
6431 Fannin Street
Houston, TX 77030

E-mail: marian.l.kruzel @uth.tmc.edu

Received April 9, 2005; accepted June 7, 2005.

555



