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21 Abstract 

22 Lactoferrin supplementation may help prevent infections in preterm infants but efficacy 

23 has varied with different dosing and products. We assessed the absorption and 

24 excretion of bovine lactoferrin (bLF) in thirty-one infants receiving 100, 200, or 300 

25 mg/kg/day of enteral bLF for 30 days. BLF and human lactoferrin (hLF) in infant saliva, 

26 blood, urine, and stool and expressed or donor breast milk (EBM, DBM) collected 

27 before treatment initiation, study day 22, and one week after treatment cessation were 

28 measured by ELISA. During treatment, BLF was absorbed from the gastrointestinal 

29 tract, detected in plasma, saliva, and urine, and excreted in stool. Saliva and stool bLF 

30 levels began to decline within 12 hours after dosing and bLF was undetectable in all 

31 samples one week after treatment. HLF concentrations exceeded bLF across sample 

32 types and timepoints. Infants receiving EBM demonstrated higher saliva and stool hLF 

33 levels than DBM patients. Neither bLF nor hLF levels varied by patient characteristics, 

34 bLF dosage, or infection status. This is the first study demonstrating bLF absorption into 

35 the bloodstream and distribution to saliva and urine in preterm infants. Future studies 

36 should further explore lactoferrin pharmacokinetics as higher and more frequent dosing 

37 may improve the clinical benefit of lactoferrin supplementation.

38

39 Keywords: lactoferrin; preterm infants; bovine; supplementation; postnatal infection

Page 2 of 32

https://mc06.manuscriptcentral.com/bcb-pubs

Biochemistry and Cell Biology



Draft

3

41 Introduction

42 Lactoferrin (LF) supplementation has emerged as a strategy to prevent late-onset 

43 infections and associated complications in preterm, very low birth weight (<1500 grams 

44 at birth, VLBW) infants. As an iron-binding protein with a basic N-terminal domain, LF 

45 competes with pathogens for nutrients and can directly bind microbes to enhance cell 

46 lysis or modulate immune responses (Legrand, 2016; Valenti and Antonini, 2005). In the 

47 acidic environment of the stomach, the potent antimicrobial peptide lactoferricin is 

48 released from LF and can bind endotoxins on bacterial membranes to control 

49 inflammation and initiate bacterial cell death (Gifford et al., 2005; Legrand, 2016). LF 

50 also contributes to anti-inflammatory responses by downregulating the production of 

51 proinflammatory cytokines, such as TNF-alpha (Drago-Serrano et al., 2017; Otsuki et 

52 al., 2005). Due to these antimicrobial and anti-inflammatory properties, LF may help 

53 combat infection-related morbidity and mortality in VLBW infants. 

54 Although LF is found in high concentrations in human colostrum and milk 

55 (Mastromarino et al., 2014), VLBW infants receive inadequate amounts of the protein 

56 due to their limited food tolerance. Therefore, studies have investigated the safety, 

57 tolerability, and benefits of human and bovine LF (hLF, bLF) supplementation in preterm 

58 infants during the first weeks of life (Akin et al., 2014; Barrington et al., 2016; group, 

59 2019; Kaur and Gathwala, 2015; Manzoni et al., 2014; Manzoni et al., 2009; Martin et 

60 al., 2018; Ochoa et al., 2015). Importantly, bLF shares 77% amino acid homology with 

61 hLF (Vorland et al., 1998), has anti-inflammatory properties similar to hLF (Berlutti et al., 

62 2006), and has demonstrated higher antimicrobial activity than hLF (Buccigrossi et al., 

63 2007; Vorland et al., 1998). A systematic review of studies investigating enteral hLF or 
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64 bLF supplementation in preterm infants found that, overall, the interventions decreased 

65 late-onset sepsis and necrotizing enterocolitis without adverse effects (Pammi and 

66 Suresh, 2017, 2020). However, discrepancies between studies remain due to the use of 

67 varying LF products, doses, and treatment durations.

68 To inform bLF dosing in preterm infants, we analyzed the absorption and 

69 excretion of bLF and hLF for three escalating regimens of enteral bLF (100, 200, 300 

70 mg/kg/day) in VLBW infants, which treatments were found to be safe and tolerable as 

71 described in our accompanying report in this issue (Kaufman et al.). While hLF levels 

72 have been examined extensively in maternal human milk, there have only been a few 

73 pharmacodynamics studies of hLF and none of bLF in preterm infants (Decembrino et 

74 al., 2017; Weimer et al., 2020). We also evaluated whether systemic and mucosal LF 

75 levels varied by postnatal infection status or by patient characteristics such as birth 

76 weight, gestational age, and nutritional source. Our goal for this pilot study was to 

77 provide insight on pharmacokinetics and dosage for future LF supplementation studies.

78

79 Material and methods

80 Study population

81 Over a 10-month period, 31 VLBW infants at the University of Virginia’s (UVA) 

82 neonatal intensive care unit (NICU) to receive enteral bovine lactoferrin for 30 days 

83 (Figure S1, ClinicalTrials.gov Identifier: NCT02731092). VLBW infants born at UVA or 

84 transferred to the UVA NICU within 7 days of birth were eligible for enrollment. 

85 Demographic feeding information and infection-related events were collected from study 

86 participants’ medical records.
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87

88 Study intervention

89  Study intervention is detailed in our accompanying report in this issue (Kaufman 

90 et al.). In brief, study participants were enrolled sequentially into one of three escalating 

91 bLF supplementation groups: 100 (n=10), 200 (n=10), or 300 mg/kg/day (n=11). Bovine 

92 lactoferrin (Glanbia Nutritionals, Gooding, ID, USA) was prepared by the UVA 

93 Investigational Pharmacy by dissolving the product powder in sterile water for 30-60 

94 minutes under aseptic conditions and was administered enterally daily. Product 

95 administration began after consent, which occurred within the first 14 days of life, and 

96 continued for 30 days.

97

98 Sample collection and processing

99 Infant saliva, blood, urine, and stool and expressed or donor breast milk (EBM, 

100 DBM) were collected prior to the first lactoferrin supplement (study day 0), 22 days into 

101 supplementation (study day 22), and 7 days after the last lactoferrin administration 

102 (study day 37). Unstimulated saliva was collected using two swabs: 1) sterile polyester 

103 tipped swab (VWR, Radnor, PA, USA) for assessment of cytomegalovirus (CMV) 

104 acquisition and 2) sterile Weck-Cel swab (Beaver-Visitec International, Waltham, MA, 

105 USA) for lactoferrin quantification. The polyester tipped swabs were stored at room 

106 temperature and the Weck-Cel at -80C before being transported to the laboratory in 

107 batches for processing. Scavenged blood samples were collected in EDTA tubes, 

108 refrigerated, and then processed within 7 days of collection by centrifugation to isolate 

109 plasma. All specimens were stored at -80ºC until further processing by lab personnel, at 
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110 which time they were thawed and kept at 4ºC. Upon thawing, saliva swabs were 

111 rehydrated with 200 µL of sterile water, incubated for 20 minutes at room temperature, 

112 and spun down in a 0.22 µm Spin-X cellulose acetate filter tube (Corning, Corning, NY, 

113 USA) to extract swab contents. Stool samples were weighed and reconstituted in sterile 

114 water at a ratio of 1 mg of stool to 4 µL of water. Breast milk and reconstituted stool 

115 specimens were spun at 14,000 rpm for 20 minutes at 4ºC to remove lipids and cell 

116 debris. All laboratory personnel performing specimen processing and assays were 

117 blinded to bLF supplementation dosage. 

118

119 Assessment of CMV acquisition

120 Postnatal CMV acquisition was determined by assessing processed day 0 and 

121 day 37 infant saliva for CMV DNA by quantitative PCR (qPCR), as previously described 

122 (Bialas et al., 2016). Prior to qPCR, the saliva samples were incubated at 95ºC for 5 

123 minutes to denature protein. A sample was considered CMV positive by qPCR if at least 

124 two of the six technical replicates had detectable CMV DNA. Infants were considered to 

125 have postnatally acquired CMV if they tested negative by saliva qPCR at day 0 but 

126 positive at day 37. 

127

128 Lactoferrin measurements

129 Processed saliva, plasma, urine, stool, and breast milk specimens from the three 

130 collection timepoints were assayed for bLF and hLF levels using commercial enzyme-

131 linked immunosorbent assay (ELISA) kits, in accordance with the manufacturer’s 

132 instructions (Bovine Lactoferrin ELISA Kit, Bethyl Laboratories, Montgomery, TX, USA; 
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133 Human Lactoferrin ELISA Kit, AssayPro, St. Charles, MO, USA). Prior to being 

134 assayed, samples were spun down to pellet residual debris. Point dilutions were 

135 determined for each specimen type and ELISA in order to maximize the number of 

136 samples within range of the standard curve (bLF saliva, plasma, and urine, 1:10; bLF 

137 stool, 1:1000; hLF saliva, 1:1000; hLF plasma, 1:50; hLF urine, 1:10; hLF stool, 

138 1:50000; hLF breast milk, 1:500000). All specimens were tested in duplicate. Plates 

139 were read on a SpectraMax Plus Plate Reader (Molecular Devices, San Jose, CA, 

140 USA) to determine optical density at 450 nm. SoftMax Pro 6.3 software (Molecular 

141 Devices, San Jose, CA, USA) was used to interpolate concentrations from standard 

142 curves. Assay upper and lower limits of quantification equal the highest and lowest 

143 concentration of the standard, respectively, multiplied by the sample dilution factor. 

144 Samples outside of this range were assigned the concentration value of the 

145 quantification limit. 

146 Importantly, product datasheets for the human and bovine LF ELISA kits we 

147 selected demonstrate that the assays yield undetectable levels of activity (0%) to bovine 

148 and human LF, respectively, indicating the lack of antigen cross-reactivity for both 

149 assays. To verify this with our study samples, we compared study day 0 hLF and bLF 

150 levels by compartment as we expected hLF at this timepoint to be very high and bLF 

151 levels to be low or undetectable. Importantly, study day 0 hLF and bLF levels did not 

152 correlate in any compartment, indicating that high levels of hLF do not yield cross-

153 reactive bLF signal (Figure S2). Therefore, assay cross-reactivity was not appreciable 

154 in our hLF or bLF observations.

155
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156 Statistical analysis

157 All statistical analyses were conducted using GraphPad Prism 8.0 software 

158 (GraphPad, San Diego, CA, USA). Non-parametric tests were used to analyze all 

159 results because the data was not normally distributed. Kruskal-Wallis Tests with Dunn’s 

160 Tests for multiple comparisons were used to evaluate LF levels between bLF groups. All 

161 p-values associated with these tests are multiplicity-adjusted. Two-tailed Mann-Whitney 

162 Tests were applied to data stratified into two groups, such as LF levels by sample 

163 collection time, infant feeding source, and postnatal infections. Two-tailed Spearman 

164 Rank Tests were employed to evaluate correlations between LF levels and infant 

165 characteristics, including gestational age and birth weight. Finally, a log-linear 

166 regression model was utilized to assess the relationship between study day 22 bLF 

167 levels and sample collection timing relative to bLF dosing.

168

169 Results

170 Study population characteristics

171 Thirty-one preterm, VLBW infants were enrolled and received enteral bLF 

172 supplementation for 30 days, starting on a median day after birth of 7 (range: 2-15) 

173 (Figure S1). Participants were sequentially assigned to receive interventions of 

174 increasing dosage: 100 (n=10), 200 (n=10), or 300 (n=11) mg/kg/day of bLF. The 

175 gestational age and birth weight of study participants ranged from 24.1 to 34 weeks and 

176 540 to 1480 grams, respectively (Table S1). Importantly, gestational age and birth 

177 weight did not statistically vary between bLF groups (gestational age, p=0.18; birth 

178 weight, p=0.07; Kruskal-Wallis Test). During the study period, one infant in each group 
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179 acquired a bloodstream infection (BSI), caused by coagulase-negative staphylococci 

180 (CoNS), methicillin-susceptible Staphylococcus aureus, and polymicrobial organisms 

181 (CoNS + Enterococcus fecalis) on study days 9, 11, and 14, respectively by dosage 

182 group. There were no urinary tract infections nor necrotizing enterocolitis in any groups. 

183 Additionally, two infants in the 200 mg/kg/day group, who were twins, demonstrated 

184 evidence of postnatal CMV acquisition by testing negative by CMV qPCR on study day 

185 0 (day 3 after birth) yet positive on study day 37 (day 40 after birth). These twins 

186 received only human milk (93% EBM, 7% DBM) during the study period. The majority of 

187 infants at study day 0 were fed EBM, and feeding sources diversified over the study 

188 period (Figure S3). 

189

190 BLF levels in VLBW infants

191 Systemic and mucosal levels of bLF were detectable in VLBW infants during the 

192 30-day treatment period, as indicated by study day 22 levels (Figure 1). The highest 

193 increases from baseline and the greatest concentrations of bLF occurred in infant urine 

194 and stool, suggesting the importance of LF in mucosal compartments. BLF levels did 

195 not statistically differ between escalating mg/kg/day bLF dosage groups in any sample 

196 type and bLF was completely cleared from all infants by one week after the last dose. 

197 To understand bLF clearance from the various anatomical compartments, we applied a 

198 log-linear regression model to evaluate the relationship between study day 22 bLF 

199 levels and sample collection time, relative to the most recent bLF dose (Figure 2). BLF 

200 levels in saliva, but not in other sample types, were consistent with log-linear decay 

201 within the 24 hours after bLF dosing (R2=0.56, p<0.001). Accordingly, saliva levels also 
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202 demonstrated a peak a few hours after dosing in some of the patients in the 200 and 

203 300 mg/kg/day groups, whereas bLF in other compartments did not appear to 

204 substantially fluctuate by sampling time. To further investigate the impact of sample 

205 collection time on bLF levels, we stratified study day 22 levels according to whether 

206 samples were collected within 12 hours or 12-24 hours after bLF administration (Figure 

207 3). By this comparison, both saliva and stool bLF levels were significantly decreased in 

208 samples collected 12-24 hours after dosing (p<0.001 and p=0.03 respectively, Mann-

209 Whitney Test). 

210

211 HLF levels in VLBW infants

212 HLF was detected in the stool, saliva, plasma, and urine of most infants across 

213 all timepoints and exceeded bLF levels in every sample type and timepoint. We found 

214 no differences in hLF concentrations between bLF dosage groups at any timepoint, in 

215 any compartment (Figure 4), though we observed large variations in hLF within most 

216 compartments. As expected, maternal EBM from study day 0, which was primarily 

217 composed of colostrum, demonstrated the highest levels of hLF (median: 14.8 mg/mL; 

218 range: 8.2-26.7 mg/mL), with transitional breast milk from study day 22 having slightly 

219 decreased levels from baseline (median: 7.1 mg/mL; range: 4.1-14.7). In contrast to the 

220 high concentration of hLF observed in EBM, we were unable to detect hLF in any DBM 

221 samples (Figure 4, Figure 5A). 

222 Among the infant specimen types assessed, infant stool contained the highest 

223 concentration of hLF, with levels reaching 20 mg/mL at both study days 0 and 22 

224 (Figure 4). Despite the high concentration of hLF in breast milk at study day 0 
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225 compared to study day 22, hLF levels in infant compartments remained similar across 

226 the study period. 

227

228 LF levels by patient characteristics and feeding type 

229 Both hLF and bLF levels did not strongly correlate with infant gestational age or 

230 birth weight (Table 1). Moreover, these characteristics did not differ between 

231 supplementation groups and therefore cannot explain the lack of differences in bLF 

232 levels between groups (Table S1). We did observe differences in hLF, but not bLF, 

233 levels between EBM and DBM patients (Figure 5). As previously noted, EBM 

234 demonstrated consistently high levels of hLF whereas DBM had no detectable hLF 

235 (Figure 4, Figure 5A). Accordingly, infants receiving EBM tended to have higher hLF 

236 levels across compartments than infants receiving DBM. Saliva and stool hLF levels 

237 were most influenced by intake of EBM compared to DBM, whereas plasma and urine 

238 levels varied less by hLF intake. Specifically, EBM patients had statistically higher study 

239 day 0 saliva and study day 22 stool hLF levels compared to DBM infants (p=0.02 and 

240 0.04, Mann-Whitney Test). 

241

242 LF levels by postnatal infection status

243 During the study period, one infant from each bLF group acquired a BSI and two 

244 infants (twins) in the 200 mg/kg/day bLF group demonstrated evidence of postnatal 

245 CMV acquisition (Table S1). We found no significant differences in hLF and bLF levels 

246 between infants with and without any postnatal infections, combining both postnatal 
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247 CMV and BSI cases, (Figure 6, Table 2), with the exception of elevated baseline hLF in 

248 the saliva of infants with postnatal infection (p=0.04, Mann-Whitney Test). 

249

250 Discussion

251 This study is the first report of absorption, secretion, and excretion of bovine 

252 lactoferrin in preterm infants. While previous studies have employed hLF or bLF 

253 administration in infants (Akin et al., 2014; Asztalos et al., 2020; Barrington et al., 2016; 

254 group, 2019; Kaur and Gathwala, 2015; Manzoni et al., 2014; Manzoni et al., 2009; 

255 Ochoa et al., 2020; Ochoa et al., 2015; Sherman et al., 2016; Tarnow-Mordi et al., 

256 2020), few have measured resultant bLF or hLF levels and none, to our knowledge, 

257 have evaluated bLF concentrations. Our study demonstrates that bLF and hLF can be 

258 detected in infant saliva, plasma, urine, and stool by commercially available ELISA kits 

259 without cross-reactivity. BLF in infant saliva and stool appears to decline to lower levels 

260 within 24 hours after dosing, whereas urine and plasma levels remain constant. These 

261 findings imply that additional pharmacokinetic studies of dosing amount, frequency, 

262 route, and duration may potentially influence levels and outcomes. 

263 In light of the ELFIN, LIFT, and NEOLACTO studies’ recent findings that enteral 

264 bLF supplementation at doses of 150 and 200 mg/kg/day did not reduce the risk of late-

265 onset infections in preterm infants (Asztalos et al., 2020; group, 2019; Ochoa et al., 

266 2020), it is particularly important to evaluate LF levels in order to optimize 

267 supplementation dosing and duration. Compared to the 150 mg/kg/day dosing which 

268 had no change on acquisition of BSI, there was a trend in the two studies using 200 

269 mg/kg/day with the BSI rate being decreased by 17% and 25%, though not significantly. 
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270 The NEOLACTO study which dosed 200 mg/kg/day divided three times a day also saw 

271 a trend of 55% reduction in BSI in the sub-group of infants <1000 grams. Additionally, 

272 the one hLF study supplemented with 300 mg/kg/day divided twice a day observed a 

273 significant decrease in hospital acquired infections (p<0.04) with a 40% decrease in BSI 

274 (p=0.52) (Sherman et al 2016). 

275 Dosage of bLF doses between 100 and 300 mg/kg/day in our small study did not 

276 statistically impact achieved bLF levels in infant compartments over the study period 

277 and infant GA, BW, and feeding type likely did not impact this result. While this result 

278 may be misleading due to the small study size, sampling time, and limited infant sample 

279 availability for some compartments, it could also indicate that excretion occurs rapidly or 

280 that maximum levels of bLF uptake are achieved by all three dosage groups after three 

281 weeks of treatment. However, a few observations in this small study would suggest 

282 higher bLF dosing may impact levels. For instance, infants receiving 200 and 300 

283 mg/kg/day bLF achieved higher saliva bLF levels at study day 22 (30% in each group 

284 had greater than 0.05 µg/mL) compared to those receiving 100 mg/kg/day (none 

285 reached 0.05 µg/mL). This trend also applied to bLF in plasma at this timepoint, with 

286 escalating dosage groups demonstrating increasing maximum bLF levels (15.8, 16.6, 

287 28.4 ng/mL respectively by dosage group). Additionally, all the patients in the 300 

288 mg/kg/day group had detectable urine levels compared to around 75% of the lower 

289 doses. Another observation is that excretion via the urine and stool was relatively 

290 constant, which may imply higher doses could potentially lead to increased local 

291 gastrointestinal effect and absorption. Additional dosing studies would inform whether 

292 escalating doses impact uptake dynamics. 
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293 Beyond differences in bLF levels by supplementation group, we also observed 

294 that bLF rapidly declined after dosing, with decreased saliva and stool levels just 12 

295 hours after administration, and was completely undetectable in all infant compartments 

296 by just one week after the last dose. Because bLF is quickly cleared from infant 

297 systemic and mucosal compartments, more frequent dosing may be needed to sustain 

298 saliva and other mucosal levels. Additionally, if a supplementation regimen is found to 

299 be beneficial, it will likely need to continue while its desired effects are observed. 

300 During the study period, only two infants (twins) acquired postnatal CMV and 

301 three developed bloodstream infections. It is possible that the two CMV infections were 

302 perinatally acquired, as these twins were tested just 3 days after birth (their time of 

303 enrollment) and postnatal acquisition was obtained on day 40 after birth (study day 37). 

304 A sample on day 30 after birth would have more definitively established the presence or 

305 absence of perinatal infection. Timing of saliva sampling for CMV detection is also 

306 important as it is possible samples were taken after feedings and could be affected if 

307 CMV was present in maternal milk. Evaluating the urine for postnatal CMV infection 

308 would add additional identification and confirmation in some cases, especially in 

309 preterm infants. While we did not observe an association between LF levels and 

310 protection against late-onset infections, the scarce number of infection cases, timing of 

311 sample collection, and incomplete sample availability for some compartments likely 

312 limited our ability to effectively evaluate this relationship. A larger cohort, which would 

313 consequently have a higher incidence of postnatal infections, may be necessary to 

314 determine the relationship between LF levels and infection risk. 
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315 Regarding hLF levels, though we observed slightly higher hLF levels in colostrum 

316 and transitional milk compared to some previous reports (Hirai et al., 1990; 

317 Mastromarino et al., 2014; Ronayne de Ferrer et al., 2000; Yang et al., 2018), our 

318 findings are very similar to those found in a large clinical trial in Peru of 346 mothers of 

319 low birth weight infants (Villavicencio et al., 2017). Also similar to other studies, we did 

320 not detect any measurable amount of hLF in DBM (Figure 5). The presence of hLF in 

321 saliva, plasma, urine, and stool samples from patients not receiving EBM suggests 

322 endogenous production of hLF in these preterm infants. Moreover, it appears that hLF 

323 levels in saliva and stool, but not plasma and urine, are affected by hLF intake, as the 

324 levels in saliva and stool corresponded with whether infants received EBM or DBM. This 

325 may suggest that plasma and urine levels are mostly influenced by local production, 

326 whereas saliva and stool levels may result from both local production and secretion of 

327 hLF acquired through feedings. Gastroesophageal reflux events may also affect saliva 

328 levels. 

329 Our study is also limited in that we only dosed once a day, primarily administered 

330 via a nasogastric or orogastric tube. Given our findings of decreased saliva and stool 

331 bLF levels just 12 hours after bLF treatment, with saliva levels demonstrating log-linear 

332 decay, dosing multiple times a day may meaningfully impact resultant bLF levels and 

333 clinical outcomes. The NEOLACTO trial administered bLF three times a day compared 

334 to daily and observed promising trends, noted above. Future studies with more frequent 

335 collection timepoints will need to examine LF pharmacokinetics in more detail to inform 

336 optimal dosing regimens. Animal data also suggests that absorption may be improved 

337 by administering part of the LF dose via the sublingual route (Hayashi et al., 2017). HLF 
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338 levels detected in the DBM patients may have been affected by EBM received prior to 

339 the study day testing. 

340 Together, our data highlight both the feasibility of quantifying bovine and human 

341 lactoferrin levels in systemic and mucosal compartments of VLBW preterm infants and 

342 also the insight that these measurements provide on supplementation protocol design. 

343 We are the first study to demonstrate that supplemental bovine lactoferrin can be 

344 absorbed by the gastrointestinal tract into the blood, secreted into saliva and urine, and 

345 potentially cleared more quickly from the saliva and stool than blood and urine. 

346 Quantification of bovine and human lactoferrin levels will hopefully allow future studies 

347 to determine the optimal dosing to elucidate whether lactoferrin treatment is protective 

348 against late-onset infections and other neonatal outcomes. 
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466 Table 1. Human and bovine LF levels do not vary by infant gestational age or birth 

467 weight.

 Gestational Age Birth Weight
 n Spearman R P-value Spearman R P-value

Study Day 0 Human LF
EBM 19 -0.07 0.77 -0.05 0.84

Saliva 20 -0.24 0.31 -0.03 0.90
Plasma 21 -0.01 0.96 -0.002 >0.99
Urine 21 -0.34 0.13 -0.29 0.21
Stool 19 -0.07 0.78 -0.09 0.72

Study Day 22 Human LF
EBM 16 -0.34 0.19 -0.38 0.15

Saliva 28 -0.03 0.88 0.08 0.68
Plasma 11 0.19 0.56 0.12 0.72
Urine 24 -0.56 0.01* -0.56 0.004*
Stool 29 0.01 0.96 0.05 0.82

Study Day 22 Bovine LF
Saliva 28 -0.41 0.03* -0.39 0.04*

Plasma 11 0.04 0.90 0.18 0.59
Urine 24 -0.34 0.10 -0.23 0.27
Stool 30 0.03 0.87 0.11 0.56

Study Day 37 Human LF
Saliva 24 -0.30 0.15 -0.28 0.19

Plasma 3 0.87 0.67 0.50 >0.99
Urine 19 -0.38 0.11 -0.19 0.43
Stool 19 -0.36 0.13 -0.58 0.01*

468

469 * Spearman p-value < 0.05
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470 Table 2. Human and bovine LF levels do not explain VLBW infant infection risk. 

 No Infections Postnatal Infections

 (n=26) CMV (n=2) BSI (n=3) Combined (n=5)

Study Day 0 Human LF
EBM 14.88 8.2 8.2

(mg/mL) (8.89-26.69)
No Samples

(8.2-8.2) (8.2-8.2)
Saliva 3.62* 80 15.19 80*
(μg/mL) (0.63-80) (80-80) (15.19) (15.19-80)
Plasma 0.64 0.56 0.41 0.49
(μg/mL) (0.16-4) (0.56-0.56) (0.22-0.63) (0.22-0.63)
Urine 0.05 0.43 0.43

(μg/mL) (0.01-0.80)
No Samples

(0.07-0.80) (0.07-0.80)
Stool 1459 156.3 1461 156.3

(μg/mL) (156.3-20000) (156.3-156.3) (1461) (156.3-1461)

Study Day 22 Human LF
EBM 7.32 5.48 14.69 5.63

(mg/mL) (4.13-14.55) (5.34-5.63) (14.69-14.69) (5.34-14.69)
Saliva 9.82 40.3 6.26 6.26
(μg/mL) (0.63-80) (0.63-80) (0.63-8.56) (0.63-80)
Plasma 0.89 0.95 0.95
(μg/mL) (0.36-4)

No Samples
(0.95) (0.95)

Urine 0.8 0.24 0.47 0.24
(μg/mL) (0.01-0.80) (0.24) (0.15-0.80) (0.15-0.80)
Stool 2142 10749 156.3 992.9

(μg/mL) (156.3-20000) (1497-20000) (156.3-992.9) (156.3-20000)

Study Day 22 Bovine LF
Saliva 0.01 0.49 0.09 0.09
(μg/mL) (0.01-1.44) (0.01-0.97) (0.01-3.27) (0.01-3.27)
Plasma 0.01 0.01 0.01
(μg/mL) (0.01-0.03)

No Samples
(0.01) (0.01)

Urine 0.25 0.01 1.63 0.17
(μg/mL) (0.01-1.83) (0.01) (0.17-3.10) (0.01-3.10)
Stool 34.11 63.27 38.85 51.28

(μg/mL) (5.48-123.7) (60.09-66.45) (34.11-51.28) (34.11-66.45)
471

472 Median (range)

473 * Mann-Whitney Test p-value < 0.05 (no infections vs. combined postnatal infections)

Page 24 of 32

https://mc06.manuscriptcentral.com/bcb-pubs

Biochemistry and Cell Biology



Draft

25

474 Figure 1. BLF levels in VLBW infants did not vary by bLF supplementation dose. 

475 BLF levels were measured in infant saliva, plasma, urine, and stool (A-D, μg/mL) at the 

476 three study timepoints. All compartments had undetectable levels of bLF within 7 days 

477 of treatment cessation (day 37). BLF levels did not vary significantly between bLF 

478 supplementation groups within each timepoint (p>0.05, Kruskal-Wallis Test). The 

479 number of samples varies by compartment due to sample criteria, availability, and 

480 volume restrictions. Dotted lines denote assay limits of quantification. Solid lines 

481 indicate median concentrations.

482

483 Figure 2. Saliva bLF levels demonstrate log-linear decay within 24 hours of 

484 dosing. Infant study day 22 (D22) bLF levels were assessed according to sample 

485 collection time in hours after the most recent bLF administration (A-D). After log10 

486 transformation, bLF levels from samples collected up to 24 hours post treatment were 

487 modeled using a linear regression. The R2 model for linear fit is depicted by gray lines.

488

489 Figure 3. BLF levels in both saliva and stool decline after 12 hours post bLF 

490 administration. D22 bLF levels in each infant compartment measured were stratified 

491 according to whether samples were collected within 12 hours or 12-24 hours after bLF 

492 treatment (A-D). The difference between stratified samples, combined across 

493 supplementation groups, was evaluated by Mann-Whitney Tests (p<0.05 denoted in 

494 figure). The number of samples varies by compartment due to sample criteria, 

495 availability, and volume restrictions.

496
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497 Figure 4. HLF is detectable in most breast milk and VLBW infant samples. HLF 

498 levels were measured in EBM and DBM (A, mg/mL, DBM data points in shaded region) 

499 and in infant saliva, plasma, urine, and stool (B-E, μg/mL) on study days 0, 22, and 37. 

500 HLF levels did not vary significantly between bLF dosage groups within each timepoint 

501 (p>0.05, Kruskal-Wallis Test). 

502

503 Figure 5. Infants receiving expressed breast milk (EBM) have higher saliva and 

504 stool hLF levels. Infant feeding types were recorded on study days 0 and 22. Breast 

505 milk hLF levels and hLF and bLF levels in infant saliva, plasma, urine, and stool (A-E 

506 and F-I, respectively) on study days 0 and 22 were compared between EBM and DBM 

507 patients. All comparisons were evaluated with Mann-Whitney tests (p<0.05 denoted in 

508 figure). 

509

510 Figure 6. LF levels do not explain VLBW infant infection risk. HLF levels in EBM 

511 and DBM (A, DBM data points in shaded region) and infant saliva, plasma, urine, and 

512 stool (B-E) on study days 0 and 22 were compared between infants without postnatal 

513 infection and those that acquired a postnatal infection during the study period. BLF 

514 levels in infant saliva, plasma, urine, and stool (F-I) on study day 22 were also 

515 compared between these groups. All comparisons were evaluated with Mann-Whitney 

516 tests (p<0.05 denoted in figure).
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Figure 1. BLF levels in VLBW infants did not vary by bLF supplementation dose. BLF levels 

were measured in infant saliva, plasma, urine, and stool (A-D, μg/mL) at the three study timepoints. 

All compartments had undetectable levels of bLF within 7 days of treatment cessation (day 37). BLF 

levels did not vary significantly between bLF supplementation groups within each timepoint (p>0.05, 

Kruskal-Wallis Test). The number of samples varies by compartment due to sample criteria, 

availability, and volume restrictions. Dotted lines denote assay limits of quantification. Solid lines 

indicate median concentrations.
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Figure 2. Saliva bLF levels demonstrate log-linear decay within 24 hours of dosing. 
Infant study day 22 (D22) bLF levels were assessed according to sample collection time in 

hours after the most recent bLF administration (A-D). After log10 transformation, bLF levels 

from samples collected up to 24 hours post treatment were modeled using a linear regression. 

The R2 model for linear fit is depicted by gray lines.
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Figure 3. BLF levels in both saliva and stool decline after 12 hours post bLF administration. 
D22 bLF levels in each infant compartment measured were stratified according to whether samples 

were collected within 12 hours or 12-24 hours after bLF treatment (A-D). The difference between 

stratified samples, combined across supplementation groups, was evaluated by Mann-Whitney Tests 

(p<0.05 denoted in figure). The number of samples varies by compartment due to sample criteria, 

availability, and volume restrictions.
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Figure 4. HLF is detectable in most breast milk and VLBW infant samples. HLF levels were 

measured in EBM and DBM (A, mg/mL, DBM data points in shaded region) and in infant saliva, 

plasma, urine, and stool (B-E, μg/mL) on study days 0, 22, and 37. HLF levels did not vary 

significantly between bLF dosage groups within each timepoint (p>0.05, Kruskal-Wallis Test). 
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Figure 5. Infants receiving expressed breast milk (EBM) have higher saliva and stool hLF 
levels. Infant feeding types were recorded on study days 0 and 22. Breast milk hLF levels and hLF 

and bLF levels in infant saliva, plasma, urine, and stool (A-E and F-I, respectively) on study days 0 

and 22 were compared between EBM and DBM patients. All comparisons were evaluated with Mann-

Whitney tests (p<0.05 denoted in figure). 
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Figure 6. LF levels do not explain VLBW infant infection risk. HLF levels in EBM and DBM (A, 

DBM data points in shaded region) and infant saliva, plasma, urine, and stool (B-E) on study days 0 

and 22 were compared between infants without postnatal infection and those that acquired a 

postnatal infection during the study period. BLF levels in infant saliva, plasma, urine, and stool (F-I) 

on study day 22 were also compared between these groups. All comparisons were evaluated with 

Mann-Whitney tests (p<0.05 denoted in figure).
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