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Abstract

Background and Objectives: The World Health Organization recommends human immunodeficiency virus (HIV)-
positive mothers in resource-poor regions heat-treat expressed breastmilk during periods of increased maternal-
to-child transmission risk. Flash-heat, a “low tech” pasteurization method, inactivates HIV, but effects on milk
protein bioactivity are unknown. The objectives were to measure flash-heat’s effect on antimicrobial properties of
lactoferrin, lysozyme, and whole milk and on the digestive resistance of lactoferrin and lysozyme.

Methods: Flash-heated and unheated breastmilk aliquots from HIV-positive mothers in South Africa were
“spiked” with Staphylococcus aureus and Escherichia coli and then cultured for 0, 3, and 6 hours. Lysozyme and
lactoferrin activities were determined by lysis of Micrococcus luteus cells and inhibition of enteropathogenic E. coli,
respectively, measured spectrophotometrically. Percentages of proteins surviving in vitro digestion, lactoferrin
and lysozyme activity, and bacteriostatic activity of whole milk in heated versus unheated samples were
compared.

Results: There was no difference in rate of growth of E. coli or S. aureus in flash-heated versus unheated whole
milk (p =0.61 and p = 0.96, respectively). Mean (95% confidence interval) antibacterial activity of lactoferrin was
diminished 11.1% (7.8%, 14.3%) and that of lysozyme by up to 56.6% (47.1%, 64.5%) by flash-heat. Digestion of
lysozyme was unaffected (p =0.12), but 25.4% less lactoferrin survived digestion (p < 0.0001).

Conclusions: In summary, flash-heat resulted in minimally decreased lactoferrin and moderately decreased
lysozyme bioactivity, but bacteriostatic activity of whole milk against representative bacteria was unaffected.
This suggests flash-heated breastmilk likely has a similar profile of resistance to bacterial contamination as that
of unheated milk. Clinical significance of the decreased bioactivity should be tested in clinical trials.

Introduction tary feeding. Concomitant administration of antiretroviral
prophylaxis to the mother or infant during breastfeeding is
recommended to decrease maternal-to-child HIV transmis-

THE ESTIMATED 15.4 MILLION human immunodeficiency
sion.'® The WHO also recommends home pasteurization of

virus (HIV)-positive women living in resource-poor set-

tings must balance opposing risks as they decide how to feed
their infants.! Breastmilk can transmit HIV, yet infants who
do not receive breastmilk are at much greater risk of malnu-
trition, serious infections, and mortality.z"9 Accordingly, the
World Health Organization (WHO) revised recommenda-
tions for HIV-positive mothers in resource-poor regions to
exclusively breastfeed for 6 months and then to continue
breastfeeding for up to a year with appropriate complemen-

breastmilk for these mothers as an “interim” strategy, e.g., if
antiretroviral therapies are temporarily unavailable or the
mother or infant is too ill to breastfeed.'

We have previously described a “low tech” method of
pasteurization—flash-heat—appropriate for home use in this
setting and documented that the method inactivates cell-
free'’ and cell-associated'? HIV, rids the milk of bacterial
contamination,'® and preserves the vast majority of most
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vitamins'* and immunoglobulins.'® Flash-heat mimics com-
mercial high-temperature, short-time (HTST) pasteurization,
the effects of which on human milk have not been extensively
studied. Furthermore, flash-heat raises and lowers the milk’s
temperature more slowly than does its “high tech” counter-
part, which rapidly heats liquid to 72°C for 15 seconds, po-
tentially causing greater damage to milk quality. To better
understand the “shelf-life” of human milk pasteurized by this
method and its capacity to protect the infant against infec-
tions, we undertook the current study to evaluate the effects of
flash-heat on the antimicrobial properties of whole human
milk and the bactericidal and bacteriostatic activities of lyso-
zyme and lactoferrin.

Materials and Methods
Sample source and flash-heat treatment

Fifty breastmilk samples were collected from HIV-infected
women in Durban, South Africa between October and
December 2004. Clinical and demographic characteristics of
these women and breastmilk collection procedures have been
previously described.'* In brief, mean (SD [range]) maternal
age was 25.9 (4.9 [19-40]) years, body mass index was 27.5 (4.3
[20.0-37.5]) kg/ m?, and CD4+ cell count was 527 (255 [27—
1,173]); mean infant age was 15 (11 [6-68]) weeks.

Each sample of fresh milk was divided into two aliquots,
one of which was flash-heated in the laboratory under con-
ditions designed to mimic those in the field. In brief, 50 mL of
milk was placed in an uncovered 16-0z (455-mL) glass food
jar that was then placed in 450 mL of water in a 1:1 Hart brand
1-quart aluminum pan. The water and milk were heated to-
gether over a butane stove burner, used to imitate the intense
heat of a fire, until the water reached 100°C and was at a
rolling boil. The jar of breastmilk was then immediately re-
moved from the water bath and allowed to cool. The milk
typically reached a peak temperature of 72.9°C and was above
56.0°C for 6 minutes 15 seconds, the lowest temperature used
in low-temperature, long-time pasteurization methods."® A
typical time-temperature curve for the breastmilk is shown in
Figure 1. Samples were stored at —70°C until analysis.

Bacteriostatic activity of whole milk

The effect of heat treatment on the bacteriostatic activity of
whole milk was assessed by quantitative subculture at the
California Department of Public Health (Richmond, CA).
Twenty-one of 50 milk samples were randomly chosen to
test for inhibition of bacterial growth. Heated and unheated
samples were spiked with Staphylococcus aureus ssp.
Rosenbach (catalog number ATCC 25923, American Type
Culture Collection, Manassas, VA) or Escherichia coli entero-
pathogenic serovar O55:K59 (B5) (catalog number ATCC
12014, American Type Culture Collection) as challenge or-
ganisms at 1x 10° colony-forming units (CFU)/mL, diluted in
Dulbecco’s phosphate-buffered saline (Gibco, Grand Island,
NY), incubated at 25°C, and then assayed using quantitative
subcultures at 0-, 3-, and 6-hour periods. After the specific
incubation period, a 10-uL loop of sample was streaked in
triplicate on selective agar: eosin methylene blue for E. coli and
mannitol salt agar for S. aureus (both from Hardy Diagnostics,
Santa Monica, CA). Colonies were counted on a Quebec
counter. Controls (Dulbecco’s phosphate-buffered saline,
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FIG. 1. Typical time-temperature curve of flash-heated
breastmilk.

stock cultures, and unspiked experimental milk) were also
streaked on appropriate media to check for bacterial con-
tamination, bacterial viability, and background level of bac-
teria in unspiked milk.

Lysozyme antimicrobial activity

Assessment of the bioactivity of lysozyme in 50 heated
versus unheated breastmilk samples was determined by
measuring its lysis of Micrococcus luteus cells, calibrated
against a lysozyme standard. M. luteus (catalog number
ATCC 4698, American Type Culture Collection) was grown
for 6 hours at 25°C in trypticase soy broth (Becton Dickinson,
Franklin Lakes, NJ). The culture was centrifuged at 800 g, and
the pellet was resuspended in potassium phosphate buffer
(PPB) (66 mM KH,PO,, pH 6.4) to an optical density (OD) at
450 nm (ODysp) of 0.6. Defatted milk was obtained by centri-
fuging whole milk samples at 5,000 g for 20 minutes. The
defatted milk was stored at —80°C until use, and pelleted cells
were discarded. The antimicrobial activity of lysozyme in
human milk using M. luteus was examined as previously
described'” with noted modifications. A 96-well plate (Nunc/
Nalgene®, Thermo Scientific, Rochester, NY) was used, and
wells were loaded with 250 uL. of M. luteus in BBL™ Trypti-
case™ soy broth (Becton Dickinson), 10 uL of whey diluted 1:4
in PPB, and 10 uL of PPB as a negative control. Purified ly-
sozyme from human milk (Sigma-Aldrich, St. Louis, MO) was
used as a positive control. All samples and controls were as-
sayed in quadruplicate. The plate was incubated at 25°C in an
enzyme-linked immunosorbent assay reader (Versamax,
Molecular Devices Corp., Sunnyvale, CA). The OD,s5, was
recorded every minute for a total of 10 minutes. Slopes of the
curves were calculated using linear regression and compared
using the signed-rank test.

Lactoferrin antimicrobial activity

Bioactivity of lactoferrin in 29 heated versus unheated
breastmilk samples was assessed by measuring its antimi-
crobial activity against enteropathogenic E. coli serotype
O111 (catalog number ATCC 33780, American Type Culture
Collection) compared to a commercial lactoferrin standard
(Sigma-Aldrich). Lactoferrin was purified from milk whey
samples by chromatography using a heparin-Sepharose af-
finity column (GE Healthcare, Waukesha, WI) as previously
described.” In each flat-bottomed well of a 96-well plate
(Corning® [Corning, NY] Costar®), 220 uL. of a preparation of
enteropathogenic E. coli serotype O111 at 3x10°> CFU/mL in
Difco™ (Detroit, MI) Nutrient Broth 234000 broth and 50 uL of
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lactoferrin with a final concentration of 300 ug/mL in 0.05 M
Tris HCI-1 M NaCl (pH 8) were placed. Each sample was
assayed in triplicate. The plate with lid was incubated at 37°C
in an enzyme-linked immunosorbent assay reader (Versa-
max) that performed kinetic readings of OD at 630 nm (ODgg)
every hour for 20 hours total.

Resistance of lactoferrin and lysozyme to digestion

In vitro digestion was performed on 20 breastmilk samples
as previously described with minor modifications.*'* Milk
samples were adjusted to pH 3.8 with 1 M HCl, and porcine
pepsin was added to a pepsin/protein ratio of 0.08. After
incubation for 30 minutes (37°C and shaking at 200 rpm), pH
was adjusted to 7.0 with 1 M NaHCO;, porcine pancreatin
was added to a pancreatin/initial protein ratio of 0.016 and
incubated for an additional 1 hour. Digestive enzymes were
then inactivated by heating to 85°C for 3 minutes. To identify
remaining proteins, samples were prepared under reduc-
ing conditions by 1:1 dilution with Laemmli sample buffer
(Bio-Rad, Hercules, CA) containing 5% 2-mercaptoethanol
and heated to 100°C for 5 minutes. Equal amounts of pro-
tein (2.5ug) were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, using 10% and 15%
acrylamide for lactoferrin and lysozyme, respectively. Protein
was transferred to nitrocellulose membrane for 60 minutes at
350 mA and then washed in phosphate-buffered saline con-
taining 0.1% Tween 20 (PBST) for 3-5 minutes. To minimize
nonspecific binding of antibodies, membranes were blocked
for 1 hour in PBST containing 5% bovine serum albumin at
room temperature with gentle rocking. Blots for lactoferrin
were incubated with 1:20,000 diluted anti-human lactoferrin
horseradish peroxidase-conjugated antibody (Biodesign In-
ternational, Saco, ME) in PBST containing 1% bovine serum
albumin for 60 minutes at room temperature with gentle
rocking. Blots for lysozyme were incubated with 1:7,500
diluted polyclonal rabbit anti-human lysozyme (DakoCyto-
mation, Glostrup, Denmark) in PBST containing 1% bovine
serum albumin for 1 hour, washed with PBST, and then in-
cubated with 1:20,000 diluted enhanced chemiluminescence
donkey anti-rabbit immunoglobulin G horseradish peroxi-
dase conjugate (Amersham Biosciences, Piscataway, NJ) for
1 hour at room temperature with gentle rocking. After anti-
body incubation, blots were washed gently with PBST. Bands
were detected with enhanced chemiluminescence western
blotting detection reagent (Amersham), exposed to film for
10-20 seconds, and quantified using the Chemi-doc Gel
Quantification System (Bio-Rad).

Statistical analysis

Statistical analysis was performed with SAS for Windows
release 9.1.3 (SAS Institute, Cary, NC). Bacterial growth was
logarithm-transformed and compared with an analysis of
variance model that included main effects of flash-heating
and time, the flash-heatingxtime interaction, and a random
effect of subject. Lysozyme density and lactoferrin density
were logarithm-transformed and compared with analysis of
variance (SAS Generalized Linear Model procedure), which
included main effects of flash-heating (yes/no) and digestion
(yes/no), the interaction between flash-heating and digestion,
and a random effect of subject. The Tukey-Kramer adjust-
ment was used for multiple comparisons. Slopes of the curves
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demonstrating lysozyme bioactivity (ODysy vs. time) were
calculated using linear regression and compared using the
signed-rank test. For all analyses, p <0.05 was considered
statistically significant.

Results
Bacteriostatic activity of whole milk

Mean (SD) base-10 logarithm S. aureus concentrations
(CFU/mL) at 0, 3, and 6 hours in the heated milk were 6.70
(0.27), 6.85 (0.31), and 7.20(0.34) in the heated milk and 6.72
(0.34), 6.85 (0.36), and 7.21 (0.28) in the unheated milk (Fig. 2).
Corresponding concentrations for E. coli were 6.04 (0.11), 6.29
(0.17), and 7.14 (0.52) in the heated milk and 6.13 (0.47), 6.52
(0.64), and 7.23 (0.35) in the unheated milk. There was sig-
nificant bacterial growth over time, but there was no signifi-
cant difference in growth rate between the heated and
unheated milk samples (p =0.96 for S. aureus and p = 0.61 for
E. coli).

Lysozyme bactericidal activity

Mean ODysg at all time points are shown in Figure 3.
Because of an apparent biphasic decline in M. luteus concen-
tration, mean slopes over the first 4 minutes as well as
the entire 10 minutes were both calculated. Over the first
4 minutes, mean (SD) slopes of the curve in flash-heated
and unheated milk, respectively, were —0.0225 (0.0161) and
—0.0532 (0.0377). Corresponding slopes over 10 minutes were
—0.0214 (0.0148) and —0.0459 (0.0249), respectively. Over
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FIG.2. Mean S. aureus and E. coli (log colony-forming units
[CFU]/mL) growth over 6 hours in flash-heated and un-
heated breastmilk. No significant difference in growth rates
occurred (p=0.96 and p=0.61, respectively). Bars repre-
sent SDs.
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FIG. 3. Slope of optical density at 450nm (ODjs) of M.
luteus activity in purified lysozyme over time with flash-heated
and unheated breastmilk. Signed-rank test, flash-heated slope
different from unheated slope, p < 0.0001.

both time frames, the slope of ODy5, versus time was signif-
icantly flattened (less negative) in the flash-heated compared
with the unheated breastmilk (p < 0.0001), indicating reten-
tion of 43.4% (35.5%, 52.9%) and 44.8% (36.9%, 54.4%) of the
lysozyme activity in the flash-heated compared to the un-
heated milk over the two time frames.

Lactoferrin bacteriostatic activity

The mean (SD) ODgg3p at 20 hours of the enteropathogenic
E. coli serotype O111 incubated with lactoferrin from flash-
heated milk samples was 0.398 (0.064), and with lactoferrin
from unheated samples it was 0.358 (0.056), corresponding to
mean (SD) log (ODgg3) for heated samples of —0.406 (0.068)
and for unheated samples of —0.451 (0.065) (p < 0.0001). This
represents 11.1% (95% confidence interval 7.8%, 14.3%)
greater growth of enteropathogenic E. coli serotype O111
when incubated with lactoferrin purified from the flash-
heated samples relative to the unheated samples.

Resistance of lactoferrin and lysozyme to digestion

Lactoferrin and lysozyme concentrations pre- and post-
digestion in both heated and unheated samples are shown in
Figure 4. Lactoferrin concentrations did not significantly dif-
fer in pre- versus post-heated undigested breastmilk samples
(p=0.91) Post-digestion concentrations of lactoferrin did
show a significant decrease in flash-heated breastmilk
whereby 79.8% (75.8%, 84.1%) of heated lactoferrin survived
digestion compared to all of the lactoferrin in the unheated
breastmilk (p < 0.0001).

Lysozyme concentrations, however, did show a significant
decrease in undigested flash-heated breastmilk samples to
74.6% (71.3%, 78.0%) of that found in the unheated milk
(p <0.0001) but did not show a significant difference between
pre- and post-heated digested breastmilk samples (p =0.12),
indicating that the amount of lysozyme that survives diges-
tion is not affected by heating.

Discussion

There are several results in this study that support the
overall safety of flash-heated breastmilk. Perhaps foremost,
the bacteriostatic activity of the flash-heated milk is compa-
rable to the unheated breastmilk when contaminants are in-
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FIG. 4. Lactoferrin and lysozyme concentrations (measured
as intensity/ mm? with western blot assay) in unheated and
flash-heated breastmilk samples before and after digestion
(n=20).

troduced post-heat. Equivalent antibacterial activity of the
heated milk suggests that storage of heated milk at 25°C
would be as safe from a bacteriologic standpoint as storage of
unheated milk, at least over the 6-hour time frame studied.
We strove to make our test system representative of the typ-
ical home environment of South African women. The two
bacteria chosen for spiking are among the most common
pathogens known to circulate in South Africa,”**' and the
incubation temperature of 25°C is representative of the am-
bient temperature in South Africa.”* To our knowledge, only
one other study has evaluated the effect of pasteurization on the
antibacterial properties of whole human milk. In contrast to our
data showing little impact from flash-heat, they found that
other pasteurization methods—heating to 63°C for 30 minutes
and 75°C for 15 seconds—have shown a decrease in bactericidal
activity over 2 hours against E. coli of 25% and 48%, respec-
tively.” This difference could be related to less damage by the
flash-heat method of pasteurization we used, which required a
lower temperature or shorter heating duration than the meth-
ods previously tested. Despite our reassuring results on the
retention of antibacterial activity in flash-heated breastmilk,
safeguards should be put in place to store milk in a manner to
minimize bacterial contamination, e.g., storing in the same
container as heating and covering the milk with a clean lid.

In addition to equivalent bacteriostatic activity of the whole
flash-heated milk, the bioactivity of lactoferrin isolated from
the flash-heated breastmilk demonstrated only a minimal
decrease of 11.1% in bacteriostatic activity against entero-
pathogenic E. coli. This is very reassuring, particularly in
concert with the fact that there was no decrease in lactoferrin
quantity in the flash-heated milk as measured by west-
ern blotting in the predigested sample. Preservation of lacto-
ferrin bioactivity has been noted in multiple previous reports
with commercial HTST at 72°C for 15-20 seconds.***> Minimal
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impact of the flash-heat method on lactoferrin bioactivity
documents that the “low-tech” method, which raises and
lowers the temperature of the milk more slowly than com-
mercial methods, does not damage the quality of the milk any
more than do commercial HTST methods. We previously re-
ported similar results when comparing the effect of flash-heat
and commercial HTST pasteurization on breastmilk immu-
noglobulins.”

Lysozyme bactericidal activity against M. luteus was more
affected by the flash-heat than the bacteriostatic activity of
whole milk or lactoferrin. The degree of retained bioactivity,
at approximately 45%, does compare favorably, however, to
the 39% of retained bioactivity resulting from Holder pas-
teurization, typically used in human milk banking, reported
by Czank et al.”® and the 15-35% reported by Koenig et al.*”
As the authors of the latter study noted, the lysozyme activity
in the heated milk is still greater than that found in breastmilk
substitutes, which are of non-human origin and also pas-
teurized.

Many human milk proteins with bioactive properties have
been shown to be resistant to digestive proteolysis and con-
sequently are able to provide antimicrobial and immuno-
modulatory functions in the distal gastrointestinal tract.?®
Ascertaining the degree to which pasteurization alters resis-
tance to digestion in vitro provides an additional measure of
the anticipated clinical effect of consuming heated versus
unheated milk. It is reassuring that the flash-heat method had
no significant impact on the amount of lysozyme and a rela-
tively minor impact on the amount of lactoferrin surviving
digestion, decreasing by only 20% the amount available to
provide intraluminal activity in the distal intestine.

There are some limitations to the current study. This study
was not designed to ascertain length of safe storage at dif-
ferent room temperatures. Of note is that it is currently re-
commended that expressed human milk may be stored for 6-8
hours at room temperatures up to 25°C, which was the stor-
age temperature used in the current study.”” There is
conflicting evidence regarding storage safety at higher tem-
peratures,30’3] with the result that some authors do not rec-
ommend storage at 38°C,*>! whereas others cite evidence
that storage at this temperature is safe for 4 hours® or even
8 hours.>> We note that equivalent bacteriostatic activity of
flash-heated and unheated breastmilk at 25°C suggests that
bacteriostatic activity of flash-heated milk would likely be
equivalent to that of unheated milk also at higher tempera-
tures, e.g., 38°C, and concur that more studies to document
length of safe storage of human milk at these tempera-
tures, heated or unheated, would be helpful. Also, the post-
digestion results are to be interpreted with caution. Halting
the digestion procedure requires heating the breastmilk
samples and may have therefore itself affected the bioactivity
in a similar manner to the flash-heat, thereby interfering with
our ability to isolate the impact from the flash-heat treatment.

Conclusions

In summary;, it is reassuring that the bacteriostatic activity
of the flash-heated whole milk was unaffected and that lac-
toferrin’s bioactivity and ability to survive digestion were
both minimally impacted. The clinical significance of the
observed decrease in bioactivity, most notably of lysozyme,
will need further evaluation in prospective clinical trials.
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These results overall suggest that flash-heat may be a safe
method for home pasteurization for HIV-infected mothers in
developing countries, of particular value during times of
greater risk for maternal-to-child transmission of HIV, such as
during episodes of infant oral thrush, maternal mastitis, or
interrupted antiretroviral prophylaxis and/or upon addition
of complementary foods.
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