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Abstract

Lactoferrin (LF), a natural iron-binding protein, has previously demonstrated effectiveness in
enhancing the Bacillus Calmette—-Guérin (BCG) tuberculosis vaccine. This report investigates
immune modulatory effects of Chinese hamster ovary (CHO) cell-expressed recombinant mouse
and human LFs on mouse bone marrow-derived dendritic cells (BMDCSs), comparing homologous
and heterologous functions. BCG-infected BMDCs were cultured with LF, and examined for class
Il presentation molecule expression. Culturing of BCG-infected BMDCs with either LF decreased
the class Il molecule-expressing population. Mouse LF significantly increased the production of
IL-12p40, IL-1pB and IL-10, while human LF-treated BMDCs increased only IL-1p and 1L-10.
Overlaying naive CD4 T-cells onto BCG-infected BMDCs cultured with mouse LF increased IFN-
¥, Whereas the human LF-exposed group increased IFN-y and IL-17 from CD4 T cells. Overlay of
naive CD8 T cells onto BCG-infected BMDCs treated with mouse LF increased the production of
IFN-y and IL-17, while similar experiments using human LF only increased IL-17. This report is
the first to examine mouse and human recombinant LFs in parallel experiments to assess murine
DC function. These results detail the efficacy of the human LF counterpart used in a heterologous
system to understand LF-mediated events that confer BCG efficacy against Mycobacterium
tuberculosis challenge.
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Introduction

The current vaccine for tuberculosis (TB), a disease caused by Mycobacterium tuberculosis
(MTB), is Bacillus Calmette-Guérin (BCG) Mycobacterium bovis, which has been in use
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since 1921.12 The protective response of BCG is most effective against childhood TB
disease, but ineffective against adult-onset, or secondary, TB disease.# Improving the BCG
vaccine is an intensive research area where a variety of modalities have been tested,
including creating boosters with viral-contained TB Agic peptides, novel attenuated vaccine
strains of virulent MTB, novel BCG strains carrying virulent MTB peptides, heterologous
prime/boost protocols for vaccination, and novel adjuvants to target directly and enhance
specific host immune responses.>-8

Improving the BCG vaccine may ultimately require novel adjuvants to activate APCs,
macrophages and dendritic cells (DCs). DCs are critical for developing the adaptive Ag-
specific CD4* and CD8* T-cell responses and associated production of IFN-y and IL-12,
which are necessary for protection against MTB infection.®10 An adjuvant targeting DCs to
promote their ability to stimulate T-cell responses can also be an effective promoter of Ag-
specific adaptive immunity for future protection against infection.11

Lactoferrin (LF), a natural iron-binding protein found in mucosal secretions and secondary
granules of neutrophils, possesses a variety of immune modulating properties, including the
ability to enhance the delayed-type hypersensitivity T-cell mediated response.12-14

LFs are glycoproteins in which carbohydrates are appreciated as key moieties involved in
biological activities; yet, LFs from different species have known divergence in glycan
patterns.2>-17 In human LF, there are three putative A:linked glycosylation sites at positions
Asn138, Asn479 and Asn624. Studies on recombinant human LF expressed in human
kidney cells showed that Asn138 and Asn624 are preferentially glycosylated.® In bovine LF
there are four A-linked glycosylation sites; carbohydrates attached to the protein are high
mannose-type glycans.18:19 A differential utilization of plausible glycosylation sites in LF in
each species results in divergent glycoforms, which are further diversified by the rate of
terminal sialylation. Interestingly, the mouse LF has only one potential A~glycosylation site,
which is characterized by high mannose glycan.2 Many observed activities of LF are
dependent upon specific glycosylation patterns. For example, the immunoregulatory activity
of LF in humans is dependent on the interaction of this glycoprotein with a receptor specific
for sialic acid, and direct lymphocyte activation by LF requires sialylation.21:22

It has been well documented that LF enhances BCG efficacy.23-25 Several studies defined
multiple mechanisms by which LF conferred these adjuvant functions; these included DC
and macrophage modulation of cytokine production and surface expression of presentation
and co-stimulatory molecules to allow Ag-specific T cells to increase the production of IFN-
v.28:27 |t has also been demonstrated that bovine LF combined with BCG culminated in
increased pulmonary integrity post-infectious challenge with MTB in mice. In a similar
manner, a novel recombinant human LF also augmented the BCG vaccine to protect alveolar
integrity upon infection.28

Investigations into LF immune properties primarily focus on the bovine milk-derived
molecule, which is abundant and readily available. However, the approximate 30-40%
difference in sequence homology among LFs from human, bovine and mouse species calls
into question the applicability of using heterologous LF in the mouse model systems.2? In
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addition, the bovine LF glycosylation pattern is considerably different than that of human
LF; thus, the bovine LF, with its diverse sugar composition is a more potent immune
modulator than its human counterpart.13 The presence of mannose-type glycans in bovine
LF has been further described to be responsible for its capacity to induce mannose receptor-
dependent delayed-type hypersensitivity response to ovalbumin in mice.13:30 The validity of
using human LF in a mouse model has yet to be established.

Recently, a protocol for production of recombinant human LF that bears the mammalian
glycosylation pattern was developed in the Chinese hamster ovary (CHO) cell line.
Biological potency of the recombinant human LF was confirmed in protection of
methicillin-resistant Staphylococcus aureus infected mice.31 Furthermore, a novel
recombinant mouse LF, fully homologous with the native mouse LF, was also recently
developed and used to verify the role of homologous LF in myelopoiesis.32 Overall, LF
derived from bovine and human species both demonstrated marked similarities of effect
within mouse models. The experiments reported here extend these findings in a direct
comparison of human LF to mouse LF. The ability to utilize homologous molecules in mice
in vivo will open the door to examination of species specific events. As a first investigation,
these studies examine effects of recombinant LFs to modulate mouse-derived DCs immune
activities, thus illustrating similarities and differences between homologous and
heterologous LF protein.

Materials and methods

LFs and BCG

Recombinant mouse and human LFs produced in CHO stable cell lines were provided by
Pharma Review Corporation (Houston, TX, USA), manufactured under endotoxin-free,
serum-free conditions (Genscript, Piscataway, NJ, USA).31:32 The purity of the CHO-
derived LFs was determined by HPLC and SDS PAGE, showing near homogeneity in
protein (>98% purity). The methods for purification of the recombinant human LF have
been published.3! The level of endotoxin was <10 EU/mg protein. BCG M. bovis, Pasteur
strain (TMC 1011; ATCC, Manassas, VA, USA) was grown in Dubos base (without addition
of glycerol) with 10% supplement (5% BSA, 7.5% dextrose) on an orbital shaker at 37°C for
2 wk before use. BCG was diluted with 1 x PBS to 3 x 108 bacteria/ml, estimated using
McFarland standards (Sigma-Aldrich, St. Louis, MO, USA) and confirmed by plating
dilutions onto 7H11 agar plates (Remel, Lenesa, KS, USA). Plates were incubated at 37°C
for 3—-4 wk, and colonies were enumerated.

Bone marrow-derived DCs

Bone marrow cells were isolated from the femur and tibia of C57BL/6 mice. Collected cells
were treated with ACK buffer (Cambrex Bio Sciences, East Rutherford, NJ, usA) to lyse the
red blood cells. Resulting cells were differentiated for 7 d at 1 x 106 cells/ml in McCoy’s
medium, supplemented with sodium bicarbonate (2.2 g/l), 10% FBS, antibiotics (100 ug/ml
penicillin G and 50 pg/ml gentamycin), mouse recombinant GM-CSF (10 ng/ml) and IL-4
(10 ng/ml) (Cell Sciences, Canton, MA, USA).33 At d 7, non-adherent cells were collected
and positively selected for CD11c™* cells using CD11c Micro Beads (Miltenyi Biotec, San
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Diego, CA, USA), resulting in >98% CD11c* population. Bone marrow-derived DCs
(BMDCs) were cultured in DMEM complete medium supplemented with 10% FBS (Sigma-
Aldrich) at 37°C with 5% CO,. Experiments to obtain mouse-derived cells were approved
by the University of Texas-Houston Health Science Center animal welfare committee (HSC-
AWC-10-087 and HSC-AWC-11-158).

DC cytokine and cell marker assays

Following differentiation as described above, BMDCs were cultured in DMEM complete
medium supplemented with 10% FBS as described above. BMDCs remained non-infected or
infected with BCG (MOI 10:1) with and without LF (100 ug/ml). At 72 h post-infection,
supernatants were collected for cytokine determination by ELISA, and BMDCs were
isolated for analysis of surface marker expression by FACS.

BMDC stimulation of T cells

ELISA

Differentiated BMDCs remained non-infected or infected with BCG with and without LF
(100 pg/ml). At 72 h post-infection, BMDCs were co-cultured with purified CD3* CD4* or
CD3* CD8™ splenocytes isolated from naive mice. Cells were isolated and treated with ACK
buffer to lyse red blood cells, as previously described.3#35 CD4* and CD8* T cells were
isolated using CD4 or CD8 T-cell isolation kit 11 (Miltenyi Biotec). Purified T-cell
populations were re-suspended at 1 x 10° cells/ml in DMEM complete medium
supplemented with 10% FBS, 0.005% (v/v) 2-mercaptoethanol (Gibco, Invitrogen, Grand
Island, NYY, USA) and antibiotics (100 pg/ml penicillin G and 50 pg/ml gentamycin sulfate;
Sigma-Aldrich). CD4 and CD8 T cells were overlaid at a ratio of 1:1 with BMDCs.
Supernatants were collected at 72 h and stored at —20°C for ELISA analysis.

Supernatants were assayed for cytokine production using the Duo Set ELISA kits (R&D
Systems, Minneapolis, MN, USA), according to manufacturer’s instructions, as we have
previously published.36:37 Supernatants were assayed for production of T-cell cytokines
(IFN-y and IL-17) and pro-inflammatory mediators (TNF-a and IL-6, IL-18, IL-12p40,
IL-23 and IL-10). Lower limits of detection are between 15 and 32 pg/ml for all cytokines
tested.

Flow cytometry analysis

Antibodies (Abs) to surface antigens were diluted to a working concentration of 1 pg/10°
cells in staining buffer (1% BSA in 1 x PBS). Unspecific staining sites were blocked with Fc
Block (CD16/32; BD Biosciences Pharmingen, San Diego, CA, USA) on ice for 5 min. DCs
were stained (50 pl diluted Ab/10° cells/marker), in the dark, with anti-mouse CD11c-PE-
Cy7, I-AP-PE, H-2kP-FITC, CD80-APC, CD86-PE-Cy5 (BD Biosciences Pharmingen, San
Diego, CA, USA) on ice for 30 min. Stained cells were washed with staining buffer, then
fixed with 4% paraformaldehyde on ice for 15 min. Fixed cells were washed with staining
buffer and stored at 10%/500 pl in staining buffer at 4°C. Analysis was performed using
Coulter FlowCentre (EPICS XL-MCL; Beckman Coulter, Brea, CA, USA). Graphs were
generated with Cyflogic.
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The data represent five experimental repeats, with duplicate or triplicate assessment per
experimental sample. Changes in surface expression of CD11c, I-AP, H-2kP, CD80, CD86
and CD40 were compared across repeated experiments representing paired data analyzed
using a one-way ANOVA, with a post-test Tukey’s honest significant difference for pairwise
comparisons. ELISA analysis was averaged from triplicate wells per sample, in repeated
studies, using the Student’s #test (unpaired). Statistical differences were considered
significant at £< 0.05.

Effects of LF on DC immune activity

BMDCs were assessed for their expression of Ag presentation molecules, MHC I and 11, and
the co-stimulatory molecules CD86 and CD80. BMDCs were infected with BCG (MOI
10:1) or non-infected and cultured with or without 100 pg/ml recombinant human or
recombinant mouse LF.

Figure 1A depicts representative forward and side scatter plots of the BMDC population
used in the study. These non-infected BMDCs had two distinct populations (Figure 1A), the
selected population for examination had > 99% expression of CD11c (data not shown).
Culturing naive BMDCs with recombinant human LF or mouse LF demonstrated significant
changes. Compared with the no LF control, both human LF- and mouse LF-cultured
BMDCs showed a significant decrease in CD11c population expressing MHC 11 (Figure
1B). Compared with the no LF control, exposure to human LF decreased CD86* cells while
increasing CD80* cells (Figure 1C, D). In contrast, BDMCs cultured in the presence of
mouse LF maintained a slight, but significant, increase in CD86* cells compared with
human LF, while maintaining levels of CD80* cells compared with the no LF control
(Figure 1C, D). No differences were observed in expression of MHC | (data not shown).

Owing to infectious challenge, BCG-infected BMDCs demonstrated slightly different
forward and side scatter properties than the non-infected cells (Figure 2A compared with
Figure 1A); gating for analysis included infected cells that were > 98% CD11c™" (data not
shown). Presence of human or mouse LF in BCG-infected BMDC cultures only showed
changes in expression of MHC Il. The human LF significantly decreased MHC 1% cells
compared with the no LF control. While there was a trend of altered expression of MHC 11*
cells in the mouse LF cultured BMDCs, this difference was not significant compared with
human LF (Figure 2B).

BMDCs were also examined for production of cytokines important for regulating MTB
infection in the host (TNF-a, IL-6, IL-1, IL-12 and IL-10). Both human and mouse LF-
treated BCG-infected BMDCs significantly increased production of IL-1p and I1L-10
compared with the no LF BCG control. However, only BCG-infected BMDCs cultured with
mouse LF increased production of I1L-12p40 (Table 1). No significant IL-23 was detected
above background levels (data not shown). Non-infected BMDCs did not produce any
measureable cytokines (data not shown).
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Incubation of BCG/LF-treated DCs with naive T cells affects cytokine production

The cytokine environment is a critical stimulatory signal for incoming T-cell activation,
especially in hosts without prior encounter to Ag. The potential of LF to function as an
adjuvant to enhance T-cell activity was therefore tested. Co-culturing experiments were
conducted to determine cytokine production by naiveT cells stimulated by BGC/LF-treated
BMDCs. BCG/LF-treated BMDCs for 72 h were co-cultured with naive CD4* or CD8* T
cells. Supernatants were assayed for production of the T-cell cytokines IL-2, IFN-y and
IL-17 at 72 h.

CD4* T cells stimulated with BCG-infected BMDCs treated with human LF increased
production of IFN-y and IL-17 compared with cells incubated with the BCG BMDC
control. CD4* T cells co-cultured with BCG BMDCs treated with mouse LF also showed an
increase in IFN-y production; however, the increase in IL-17 was not significant (Figure 3).

CD8* T cells overlaid onto BCG/human LF BMDCs showed a slight increase in IL-17.
However, CD8" T cells incubated with BCG/mouse LF-treated BMDCs demonstrated a
significant increase in IFN-y and IL-17 production compared with both the human LF and
the no LF control (Figure 3). Finally, IL-2 production was not observed in either CD4* or
CDS8™ T cells in any groups (data not shown).

Discussion

This report represents the first comparison of recombinant mouse and human LF on /n vitro
assessment of innate effects on BCG-infected DCs. Of particular importance in this study
was the targeted use of a novel recombinant mouse LF with both amino acid sequence and
glycosylation fully compatible with a murine host that would not be expected to render
heterologous immunogenicity.32 The ultimate goal of these studies was to validate the utility
of homologous versus heterologous LFs in the mouse model, and thus extrapolate its
potential utility in human clinical settings.

The activities of the recombinant mouse LF demonstrated properties that were primarily
similar to the human counterpart, with relatively few differences in effectiveness upon the
mouse-derived cell population. While mouse LF generally demonstrated a trend towards
increasing DC Ag presentation and T-cell stimulatory activity, the human LF in the same
system suggested inhibitory activity. This was observed as a decreased expression of MHC
Il in BCG-infected BMDCs and lack of increased IL-12. The IL-12p40 protein plays a major
role to function as the interface between innate and adaptive immunity,38 up-regulated by
DAMP or PAMP molecules in a T cell-independent manner during trauma or infectious
assault. Events that trigger pathways leading to I1L-12p40 secretion include those that
physically present with high influx of neutrophils to affected tissues, followed by release of
granule components accompanied by high levels of lactoferrin. Therefore, it is not surprising
that in our experiment LF was able to induce, albeit modestly, increased IL-12p40 in the
absence of IL-23 and IL-12p70. Indeed, relative to tuberculosis, 1L-12p40 (homodimer) is
critical for DC migration events, independent of Ag-specific T-cell responses.39-41
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The cytokine environment is considered to be the third stimulatory signal for T-cell
activation, with T-cell receptor and CD28 engagement known as signal one and signal two,
respectively.*2 However, the overlay experiments with naive T cells showed that both mouse
and human LF generally increased CD4* and CD8" T-cell production of IFN-y and IL-17.
These properties may offer important clues to predict the efficacy of human LF to improve
vaccines in the human system.

Promoting effective MTB protective immune responses has been fairly consistent, with
published data mostly agreeing with a necessity for increased IFN-y and IL-12, and up-
regulated CD4* T cells.4344 Both mouse and human LF showed comparable ability to
increase IFN-y and IL-17 production from CD4* T cells, with mouse LF also increasing
production of IL-12 from BMDCs. However, research using different formulated vaccines
that specifically promote these factors has proven their inadequacy to promote complete
protection against TB. Therefore, we expanded investigation into other immune responses.
There was no change in IL-6 production from BCG-infected DCs in the presence of the LFs.
All infected groups produced significant IL-6 relative to non-infected controls. However, at
this time, it remains unknown how this affects the development of IL-17 induction, or if it is
directly related. Likewise, the relative contribution of IL-1f, or lack of contribution, has
proven to be complex. It would not seem to be directly linked to IL-17 production because
the DCs are washed prior to incubation with the naive T cells. Previous work did not detail
significant IL-1p production by LF-treated DCs.® Therefore, at this time, there does not
appear to be a direct link between LF and inflammasome activation.

While CD4* T cells are needed to promote macrophage intracellular killing mechanisms to
control MTB growth, the role of CD8* T cells to target and eliminate infected cells is
believed to be essential for bacterial clearance.*6 Regarding development of T cell
phenotypes, BCG by itself is a poor inducer of CD8" T cells;*’ many groups are looking to
promote BCG to increase CD8* T-cell activity.*8 Mouse LF promoted CD8* T-cell
activation, as measured by IFN-y and IL-17 production, that is higher than BCG alone.
Mouse LF-stimulated production of IFN-y and IL-17 was comparable to human LF,
suggesting that the homologous effect of LF on CD8* T cells may be greater than using
heterologous LF. However, future studies to examine CD8 cytotoxic activity will be needed
to correlate increased IFN-y and IL-17 to increased protective activity of CD8* T-cells to
eliminate MTB-infected cells.

Significant studies have been performed proving the utility of the bovine LF form to
function as an adjuvant combined with BCG to elicit pathological protection upon infectious
challenge with MTB.23-25:49.50 However, the sequence homology between bovine and
human LF is 69%, and homology between bovine and mouse is 64%. In addition, bovine
milk-derived LF has a different glycosylation pattern than these novel recombinant mouse
and human molecules that are fucosylated, as the neutrophil-derived forms are. Thus, they
are more compatible for systemic immune modulatory function during inflammation.21:51-54
Different processes for the production of recombinant LFs results in varied glycosylation
patterns, dependent upon the expression system utilized.>5-5% While the CHO-expressed LFs
used in this study demonstrate a uniform, mammalian type of glycosylation pattern, there is
still intrinsic difference between mouse and human LF glycans.
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Specific investigations into LF activity demonstrated effects on DCs. We previously
demonstrated that bovine LF was able to overcome presentation diminution in DCs due to
mycobacterial infection.26 The results shown here seem to imply that either there is a species
difference in this capability or the glycosylation patterns play a significant role in activation
parameters in this particular class of events. Surely LF modulates DC maturation, especially
in the presence of bacterial motifs.60:61 Even so, differences were identified between those
seen with recombinant human LF and those reported for bovine LF.62 However, any vaccine
for human utility would require that a LF adjuvant utilized in combination with the BCG
vaccine must exhibit human compatibility. With the lack of good human models to test a
developing adjuvant in a vaccine/challenge experiment, the use of homologous mouse LF
may serve as the best possible alternative to investigate mechanisms underlying the
effectiveness of LF to augment the BCG vaccine in mice.

Differences in sequence and glycosylation patterns between bovine and mouse LF may not
allow adequate prediction of mouse models to human activity. The findings reported here
address this concern by examining immune activity of recombinant mouse and human LFs
produced similarly in CHO cells in a mouse model. This has the potential to eliminate the
need for bovine LF as the pre-clinical test prototype. The results demonstrate that the two
recombinant molecules exhibited overlapping activities on BMDCs, although unique
properties were identified between the mouse and human recombinant LFs. These results
indicate that the recombinant mouse LF is indeed a worthwhile candidate to investigate
mechanisms underlying the LF adjuvant activity in mouse models for BCG vaccine and
subsequent MTB challenge experiments. Use of the homologous mouse LF will prove useful
to delineate its mechanisms as a modifier of DC activity in a species-specific environment. It
will also allow more accurate comparative analysis of the human counterpart when used in
the heterologous system. More studies are necessary to determine the full role of
recombinant LF in Ag presentation, especially related to events that confer BCG efficacy to
protect against MTB challenge. Indeed, it is critical that comparative studies between human
LF and mouse LF be accomplished in parallel experiments with human cell lines so as to
validate the testing potential for evaluation of human LF in mouse model systems. Overall,
these studies provide groundwork for further investigations into use of the recombinant LFs
as a unique modifier to effect DC activity.
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*, (B-D) Percent positive population reported using box and whiskers: median, 25% and

75% quartiles, and minimum and maximum. *P < 0.05; **P< 0.01.
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Figure2.
LF effects on BCG-infected BMDCs” MHC Il presentation molecule. BCG-infected

BMDCs were cultured with 100 pug/ml of recombinant human (hLF) or mouse LF (mLF) for
72 h, then examined for surface expression of MHC 1. (A) Example of forward scatter (FS)
and side scatter (SS) dot plot and gating strategy; smaller cells without CD11c marker were
not included in analysis. (B) Percent positive population reported using box and whiskers:
median, 25% and 75% quartiles, and minimum and maximum. * < 0.05.
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Figure 3.

Stimulation of naive CD4 and CD8 T cells by BCG/LF-treated BMDCs. BCG-infected
BMDCs were cultured with 100 pg/ ml of recombinant human (hLF) or mouse LF (mLF) for
72 h then subsequently co-cultured with naive CD4 and CD8 T cells (splenic-derived).
Supernatants were collected 72 h after co-culture and analyzed by ELISA. Production of
IFN-v and IL-17 are plotted using box and whiskers: median, 25% and 75% quartiles, and
minimum and maximum. *P< 0.05; **P< 0.01.
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