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Abstract (200 words) 51 

Pregnancy confers unique immune responses to infection and vaccination across gestation. To 52 

date, there is limited data comparing vaccine versus infection-induced nAb to COVID-19 53 

variants in mothers during pregnancy. We analyzed paired maternal and cord plasma samples 54 

from 60 pregnant individuals. Thirty women vaccinated with mRNA vaccines were matched with 55 

30 naturally infected women by gestational age of exposure. Neutralization activity against the 56 

five SARS-CoV-2 Spike sequences was measured by a SARS-CoV-2 pseudotyped Spike virion 57 

assay. Effective nAbs against SARS-CoV-2 were present in maternal and cord plasma after both 58 

infection and vaccination. Compared to wild type or Alpha variant Spike, these nAbs were less 59 

effective against the Kappa, Delta, and Mu Spike variants. Vaccination during the third trimester 60 

induced higher nAb levels at delivery than infection during the third trimester. In contrast, 61 

vaccine-induced nAb levels were lower at the time of delivery compared to infection during the 62 

first trimester. The transfer ratio (cord nAb level/maternal nAb level) was greatest in mothers 63 

vaccinated in the second trimester. SARS-CoV-2 vaccination or infection in pregnancy elicit 64 

effective nAbs with differing neutralization kinetics that is impacted by gestational time of 65 

exposure. Vaccine induced neutralizing activity was reduced against the Delta, Mu, and Kappa 66 

variants. 67 
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Introduction 74 

Pregnant women are identified as an at-risk population for severe coronavirus disease 2019 75 

(COVID-19) with increased rate of ICU admission, invasive mechanical ventilation, and death 76 

(1-4). COVID-19 infection has exacerbated long standing perinatal inequities among 77 

communities that already experienced higher rates of maternal mortality and morbidity and poor 78 

infant outcomes (5, 6). All leading professional and public health organizations have strongly 79 

recommended that pregnant individuals be vaccinated against severe acute respiratory syndrome 80 

coronavirus 2 (SARS-CoV-2) (7). Although pregnant individuals were excluded from the first 81 

clinical trials of COVID-19 vaccines, a growing body of evidence indicates that fully vaccinated 82 

pregnant women have a significantly lower risk of SARS-CoV-2 infection due to the generation 83 

of robust humoral and cellular immunity (8-11). Furthermore, maternal IgG antibodies induced 84 

after vaccination and natural infection can be detected in umbilical cord blood of newborns at 85 

birth (10, 12), these antibodies may protect newborns from SARS-CoV-2 infection in early life. 86 

Two FDA-authorized mRNA vaccines that encode the SARS-CoV-2 spike protein, 87 

BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna), exhibit greater than 90% efficacy 88 

against cases of COVID-19 up to at least 4 months (13). However, genetic mutations in the Spike 89 

protein change the transmissibility, and sensitivity to neutralizing antibodies (nAbs). The WHO 90 

designates the Alpha (B.1.1.7), Beta (B.1.351, Gamma (P.1), Delta (B.1.617.2) and Omicron 91 
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(B.1.1.529) variants as variants of concern (VOC) to help track SARS-CoV-2 genetic lineages. 92 

The Delta variant is highly contagious and led to the 2021 resurgence of COVID-19 worldwide. 93 

Early data suggests sera from fully vaccinated or convalescent non-pregnant individuals display 94 

reduced neutralizing activity against the Delta variant compared to the Alpha variant (14). The 95 

Kappa variant (B.1.617.1) originated from the same lineage as the Delta and is categorized as 96 

variants under monitoring (VUM) based on the epidemiological significance (15). The newly 97 

recognized Mu variant of interest (B.1.621) is described as 10.6-fold and 9.1-fold more resistant 98 

to sera from COVID convalescents or BNT162b2-vaccinated individuals respectively compared 99 

to the ancestral wild type virus (16). 100 

Robust humoral response elicited by SARS-CoV-2 infection and vaccination, and 101 

efficient IgG transfer in pregnancy have been widely reported (10, 17-21). Previous studies 102 

indicate that the receptor-binding domain (RBD) of the SARS-CoV-2 Spike protein contains 103 

multiple conformational neutralizing epitopes (22). These include sites where single amino acid 104 

mutations including N501 (Alpha and Delta), L452 (Kappa and Delta), and E484 (Kappa and 105 

Mu) compromise antibody-mediated neutralization and/or transmission (Figure 1). The N501Y 106 

mutation is the only mutation in the interface between the RBD of the Alpha variant and does not 107 

have strong impact on the activity of most nAbs induced by natural infection and vaccination but 108 

improves viral transmission (23, 24). The Kappa and Delta variants possess the L452R mutation, 109 
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which modestly affects nAb binding affinity (25). The Kappa variant possesses the E484Q 110 

mutation, which reduces sensitivity to vaccine-elicited nAb, but the L452R and E484Q mutation 111 

are not synergistic for loss of sensitivity to neutralizing antibodies (26). The Mu variant harbors 112 

the E484K which has been shown to significantly reduce sensitivity to the nAbs (27, 28). 113 

Furthermore, the Delta variant has the specific T478K mutation, which has been shown to 114 

improve viral interaction with ACE2, but there is little knowledge about its potential role in 115 

resistance to neutralization by antibodies (29). The Mu variant also has the specific R346K 116 

mutation, which may affect the sensitivity of nAb (30). 117 

Existing studies indicated that maternal IgG production and maternal-fetal transfer 118 

might be influenced by timing of exposure, fetal sex or antibody glycosylation profiles (11, 31, 119 

32). However, the neutralizing activity against different SARS-CoV-2 variants during pregnancy 120 

and the transplacental transfer efficacy over gestation remains understudied. In this study, we 121 

assessed nAb activities against five strains of SARS-CoV-2, including the wild-type (WT) 122 

(Wuhan-Hu-1), Alpha, Kappa, Delta, and Mu variants in paired maternal and infant cord blood 123 

plasma samples collected at the time of delivery. To understand the impact of timing during 124 

pregnancy on the development of maternal-fetal humoral immunity, we compared two cohorts 125 

that were matched by gestational age of exposure. Using samples from vaccinated versus 126 

infected pregnant individuals, we compared and contrasted the nAbs elicited by mRNA vaccine 127 
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compared with natural infection, their efficacy against newly emerging variants, impact of the 128 

timing of vaccination/infection on maternal and neonatal protection, and clinical correlates of 129 

nAb production.   130 

 131 

Results 132 

Participant characteristics 133 

Sixty-four maternal-fetal dyads were included in this study (Table 1). Among the 30 vaccinated 134 

pregnant women, 5 (16.7%) received the first vaccine dose in the first trimester (0 to 13 weeks 135 

and 6 days), 12 (40%) in the second (14 weeks to 27 weeks and 6 days), and 13 (43.3%) in the 136 

third (28 weeks to 40 weeks and 6 days). In the matched 30 naturally infected pregnant women, 137 

5 (16.7%) had the first positive PCR result in the first trimester, 13 (43.3%) in the second, and 12 138 

(40%) in the third. Maternal age was significantly higher in the vaccinated group as compared 139 

with the infected group (36 vs. 28, P < 0.0001). The participants were from all racial or ethnic 140 

groups; however, 70% (21/30) vaccinated participants were white and 73.3% (22/30) naturally 141 

infected participants were Hispanic/Latina (P < 0.0001). Participants delivered at a median of 91 142 

days (IQR, 60-140 days) after the first dose of vaccine from vaccinated mothers (30 dyads), and 143 

92 days (IQR, 53-139 days) after the earliest positive test from infected mothers (30 dyads) (P = 144 

0.56). Individuals with infection during pregnancy were more likely to be obese pre-delivery 145 
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compared to vaccinated group (median BMI, 32.2 vs. 23.5, P < 0.0001). There were no 146 

differences between groups with respect to gestational age at delivery or fetal sex. Among 147 

participants infected with SARS-CoV-2, 7 (23.3%) were asymptomatic, 20 (67.7%) experienced 148 

mild disease and 3 (10%) experienced severe disease (defined as having evidence of COVID-19 149 

pneumonia, hypoxia (O2 saturation <94%), and/or need for intensive care). Four dyads who were 150 

unvaccinated with no evidence of prior infection by serology recruited early in the pandemic 151 

served as negative controls. 152 

 153 

Maternal and cord neutralizing antibodies elicited by vaccination and infection 154 

We assessed the ability of paired maternal and infant cord plasma to neutralize entry of SARS-155 

CoV-2 pseudotyped virions into Calu-6-ACE2 target cells and compare the neutralization 156 

potency of plasma from the vaccinated and infected participants. No neutralizing activity was 157 

detected in the four unvaccinated, uninfected maternal and infant dyad samples (Supplemental 158 

Figure 1A). The composite median NT50 titers against all examined strains was higher in cord 159 

blood from vaccinated mothers than those from infected mothers (202 vs. 104, P < 0.0001), but 160 

not in maternal blood (128 vs. 120, P = 0.12) (Figure 2A). 161 

The total amount of neutralizing activity detected in maternal (Figure 2B) and cord 162 

(Figure 2C) plasma collected at the time of delivery increased with vaccinations later in 163 
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pregnancy, with the highest maternal and cord NT50 values with maternal vaccinations in the 164 

third trimester. In the infected cohort, maternal (Figure 2B) and cord (Figure 2C) NT50s were 165 

lowest in the first trimester compared to second and third trimester infections. Maternal and cord 166 

nAb activities at delivery were higher after third trimester vaccination compared to third 167 

trimester infection. In first trimester exposures, maternal nAbs were lower at the time of delivery 168 

after vaccination than after infection, while there was no difference in cord nAbs after 169 

vaccination versus infection. The trend of higher maternal and cord nAb activities after 170 

vaccination compared to infection was seen in all five strains in the third trimester. 171 

(Supplemental Figure 1B and 1C). These results suggest vaccination elicit higher titers of nAb 172 

in pregnant individuals within the first few weeks than infection but waned gradually throughout 173 

pregnancy. In contrast, infection-elicited antibodies remained relatively stable level until delivery 174 

in maternal and cord blood. 175 

 176 

Neutralizing activities against four variants in pregnancy 177 

Emerging variants with mutations in the SARS-CoV-2 RBD raise concern for the 178 

efficacy of vaccine-induced and natural immunity, but the nAb activity against these variants in 179 

pregnancy is unknown. Here, we analyzed the nAb activities against the Spike proteins from the 180 

Alpha, Kappa and Delta and Mu variants in pregnant individuals. In the vaccinated cohort, 181 
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maternal and cord nAb against the Kappa Spike variant was reduced by 1.7-fold (P < 0.0001) 182 

and 1.7-fold (P < 0.0001), respectively, compared to the WT. Anti-Delta variant was reduced by 183 

2.9-fold (P < 0.0001) and 1.8-fold (P = 0.0032), in maternal and cord blood, respectively. The 184 

Mu variant showed the greatest resistance to nAb inhibition, with maternal and cord plasma 185 

showing 4.9-fold (P < 0.0001) and 3.0-fold (P < 0.0001) reductions in NT50 values, respectively 186 

(Figure 3A). Neutralizing antibody activity against the Alpha variant was not significantly 187 

different from that of the WT. Five of seventeen (29%) women who received BNT162b2 did not 188 

demonstrate nAb activity for at least one strain, and three women of thirteen (23%) who received 189 

mRNA-1273 did not have detectable nAb activity for at least one strain in maternal blood. There 190 

was no difference for the median NT50 values between the two vaccines in maternal or infant 191 

cord blood. 192 

Among the infected cohort, maternal and cord nAb against the Kappa variant was 193 

reduced by 1.1-fold (P = 0.032) and 1.5-fold (P = 0.170), respectively, compared to the WT. 194 

Activity against the Delta variant was reduced by 2.1-fold (P = 0.120) and 3.1-fold (P < 0.0001), 195 

and that against the Mu variant was reduced by 2.5-fold (P < 0.0001) and 3.0-fold (P = 0.036),  196 

in maternal and cord blood, respectively (Figure 3A). NAb activity against the Alpha variant 197 

was not significantly different from that against the WT in maternal plasma but was 1.1-fold 198 

higher (P = 0.007) than that for the WT in cord plasma. Nine of thirty infected women (30%) did 199 
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not exhibit nAb activities against at least one of the five strains tested. 200 

Next, we examined individual variability in nAb response across the five strains in 201 

maternal and cord blood in the context of exposure type (vaccination versus infection) and 202 

trimesters of exposure (Figure 3B). We did not observe a significant difference in the variance in 203 

nAb response on an individual level between vaccinated and infected cohorts in maternal (P = 204 

0.8123) or cord (P = 0.5257) blood (Supplemental Figure 2A and 2B), or across trimesters of 205 

both vaccination and infection cohorts (maternal, P = 0.1328; cord, P = 0.3694) (Supplemental 206 

Figure 2C and 2D). In addition, we did not observe a significant interaction between 207 

vaccinated/infected cohort and trimester of exposure (maternal, P = 0.1722; cord, P = 0.3608). 208 

Although each participant had variable nAb response to different SARS-CoV-2 strains, neither 209 

vaccination/infection cohort nor trimester of exposure significantly contributed to this variance. 210 

 211 

Transplacental transfer of maternal neutralizing antibodies 212 

Reports have shown that maternal to fetal transfer of IgG antibodies was effective and was 213 

impacted by the timing of SARS-CoV-2 infection or vaccination (31-33), but the transfer 214 

efficiency of nAb induced from vaccination versus infection across gestation has not been well-215 

characterized. To address this question, we measured the cord to maternal nAb ratio across three 216 

trimesters to gain a deeper understanding of the degree of neonatal immunity conferred by 217 
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maternal SARS-CoV-2 infection or vaccination. In the vaccinated cohort, matched cord NT50 218 

values were 1.6-fold higher (P = 0.018) compared to maternal NT50 values in mothers 219 

vaccinated during the first trimester, and 1.7-fold higher (P < 0.0001) during the second trimester 220 

notably, suggesting increased transfer efficiency for mothers vaccinated during this time (Figure 221 

4A). In third trimester, no significant difference was found between maternal and cord NT50 222 

values. There was no detectable difference between transfer of neutralizing activity against the 223 

WT, Alpha, Delta, and Mu variants individually (Supplemental Figure 3A). In the infected 224 

cohort, cord NT50 values were not observed to be higher than maternal in any trimester; on the 225 

contrary, maternal NT50 values were 1.5-fold higher (P = 0.0057) than cord NT50 values with 226 

third trimester infections (Figure 4A), suggesting less efficient of infection-elicited nAb transfer 227 

than that after vaccination. Similar to vaccinated mothers, no difference in neutralizing activity 228 

against the different strains was noted (Supplemental Figure 3B). 229 

To further evaluate the correlation between in utero transfer efficiency of nAb and the 230 

timing of exposure, we analyzed maternal:cord nAb transfer ratios (TR) based on the days from 231 

exposure to delivery. Interestingly, the regression lines were distinct between the vaccinated and 232 

infected group (Figure 4B), demonstrating different transfer kinetics of vaccination- and 233 

infection-elicited nAbs. We found that the TR was <1 when mothers were vaccinated in the third 234 

trimester and less than 60 days prior to delivery. When > 60 days passed from first dose 235 
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vaccination to delivery, the 73% of the TRs were > 1. Peak TR in our vaccinated cohort was 114 236 

days prior to delivery (TR =2.5), which corresponded to vaccination at ~ 24 weeks gestational 237 

age. Compared to vaccination, infection-induced antibody transfer did not show significant 238 

change over gestation. There was no difference noted in transfer efficiency between the two 239 

vaccine manufacturers (not shown). When we analyzed the maternal and cord NT50 values 240 

based on the days from exposure to delivery, they were increased with the approach to delivery 241 

in vaccinated group (Figure 4C). 242 

To determine whether differences in nAb activity was explained by lower total IgG 243 

levels in patient samples, we analyzed the nAb titers relative to total anti-N and anti-RBD IgG 244 

antibodies. Both maternal and cord NT50 titers were significantly correlated with anti-SARS-245 

CoV-2 IgG titers (Supplemental Figure 3C and 3D). However, greater variability was observed 246 

in the infected group, in which Pearson’s r was 0.5090 (P < 0.0001) for maternal plasma and 247 

0.5500 (P = 0.002) for cord plasma. In the vaccinated group, the correlation between NT50 and 248 

total IgG titers in maternal plasma was stronger than that in cord, with a Pearson’s r of 0.8821 (P 249 

< 0.0001) and 0.6365 (P < 0.0001), respectively. 250 

To obtain a deeper understanding regarding the transplacental transfer of maternal nAb 251 

among SARS-CoV-2 strains, we performed clustering analysis of TR by participant (Figure 4D). 252 

In general, the TR was significantly higher in vaccinated cohort (mean = 1.83) compared to 253 
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infected cohort (mean = 1.15; P = 0.0002) (Supplemental Figure 3E). TR was not significantly 254 

influenced by SARS-CoV-2 strains on its own, however, when a stratified analysis based on 255 

SARS-CoV-2 strains was conducted, TR for Delta variant was significantly higher in vaccinated 256 

cohort than in infected cohort (P = 0.0022) (Supplemental Figure 3F). 257 

 258 

Impact of clinical factors on neutralizing activity 259 

We next explored the impact of clinical factors on maternal and cord nAb activity. First, 260 

we analyzed fetal sex on nAbs, which has been shown to impact levels of total anti-SARS-CoV-2 261 

IgG (11). The median NT50 for male fetuses was lower than females in maternal plasma after 262 

first trimester vaccination (Figure 5A). Of note, all pregnancies in our cohort that were infected 263 

in the first trimester had male fetuses. In contrast, nAb was higher in vaccinated maternal, and 264 

infected maternal and cord plasma from mothers with male fetuses in the second trimester. No 265 

significant difference by fetal sex was observed after exposure in the third trimester in all groups. 266 

As obesity is associated with chronic inflammation and dysfunctional immune responses, 267 

we next examined the relationship between maternal BMI and neutralizing activity, stratified by 268 

trimester. Vaccinated individuals with BMI 25-29.9 at the time of delivery had significantly higher 269 

NT50 values in both maternal and cord blood than normal weight (BMI <25) or obese (BMI ≥ 30) 270 

individuals (maternal: P = 0.001 and P = 0.048, cord: P < 0.0001 and P = 0.47, respectively) 271 
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(Figure 5B). In contrast, infected individuals with BMI 25-29.9 had significantly lower NT50 272 

values in both maternal and cord blood than normal weight individuals, and no statistically 273 

significant difference compared to obese individuals in the second trimester. There were not 274 

significant differences based on maternal age, with the exception of increased cord NT50s in 275 

mothers ≥ 35 years old vaccinated in the second trimester (Supplemental Figure 4). 276 

 277 

Discussion 278 

To our knowledge, this is the first study to directly compare nAb activity against five strains of 279 

SARS-CoV-2 in gestational age-matched vaccinated and infected maternal-fetal dyads across the 280 

entire course of gestation. Maternal vaccination and infection both produced effective nAbs 281 

against SARS-CoV-2, although activity against the Kappa, Delta, and Mu variants were reduced 282 

compared to wild-type and Alpha. Overall, maternal nAb titers were comparable between 283 

vaccination and infection, while cord nAb titers were higher after vaccination than infection, 284 

supporting vaccination during pregnancy to benefit newborns as well as mothers. Mothers 285 

vaccinated in the third trimester had the highest level of nAb at delivery in maternal and cord 286 

plasma. We found that TR was maximal upon vaccination in the second trimester, while the TR 287 

of infection-induced nAbs was stable across gestation. However, vaccine-elicited nAb waned 288 

gradually throughout pregnancy, as both the titer and transfer ratio are lowest in mothers 289 
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vaccinated in the first trimester. Interestingly, we show significant variation in nAb response and 290 

nAb transfer between patients. Maternal-fetal transfer efficiency was higher in vaccinated 291 

mothers versus infected mothers. Finally, our results demonstrate selective transfer of nAbs of 292 

differing specificity from mother to baby. These findings are summarized in Table 2. 293 

Our findings build upon a previous study with a cohort of 30 pregnant women 294 

vaccinated in the third trimester showing that mRNA vaccines were immunogenic in pregnancy, 295 

but that neutralizing activity against the Alpha and Beta (B.1.351) variants were reduced (34). 296 

Here, we provide data for all trimesters of pregnancy and report on nAb activity against the Delta 297 

variant, which remains predominant worldwide and accounts for over 99.5% of COVID cases 298 

during the 4th wave of the pandemic (35). One of the strengths of this study is the comparison 299 

vaccine-induced versus natural immune responses to the Delta variant across pregnancy. We 300 

found reductions in nAb titers against the Delta variant in both vaccinated maternal blood and 301 

paired infant cord blood, which is consistent with recent reports that the Delta variant is resistant 302 

to vaccines in non-pregnant population as compared with the Alpha variant (14, 36). SARS-CoV-303 

2 spike protein RBD is the major target of nAbs, and mutations in the RBD of the Delta variant 304 

reduce the neutralization sensitivity of plasma from vaccinated or infected individuals (14). 305 

Furthermore, we have shown that the activity of vaccinated and infection-induced 306 

antibody responses against the Mu variant in pregnancy. Our results confirm that in pregnancy, 307 
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Mu proves to be more resistant to neutralization than all other currently recognized variants (16, 308 

37, 38). The Mu variant can cause cell-to-cell fusion, like the Delta variant, that facilitates escape 309 

from the humoral immunity more efficiently than the wildtype virus (37). The Mu also harbors 310 

three mutations in the RBD (R346K, E484K, and N501Y) which are not in the Delta variant 311 

(27). Neutralizing antibodies targeting the RBD have been divided into four classed based on 312 

structural analyses of their epitopes: (class 1) neutralizing antibodies that bind only to “up” 313 

RBDs; (class 2) ACE2-blocking neutralizing antibodies that bind both “up” and “down” RBDs; 314 

(class 3) neutralizing antibodies that bind outside the ACE2 site and recognize both “up” and 315 

“down” RBDs; and (class 4) previously described antibodies that do not block ACE2 and bind 316 

only to “up” RBDs (39). The E484K mutation can most strongly disrupt the binding of the class 317 

2 antibodies while L452R is located in the class 3 site (40). In both vaccine and convalescent 318 

populations, escape mutants targeting the class 2 antibodies have the most critical impact on 319 

impaired neutralization (41). Developing vaccines that elicit polyclonal antibodies with broader 320 

epitope specificities may improve the efficacy and longevity of current vaccines. Although the 321 

significant and sustained reduction in prevalence of the Mu variant indicates it is unlikely to be 322 

predominated over the Delta (42), there is a growing concern that current vaccines may need to 323 

be continually modified and updated to against emerging variants with greater properties of 324 

immune escape and neutralizing resistance, especially for the vulnerable populations, such as in 325 
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pregnancy. 326 

Interestingly, nAbs of different variant specificity have differing overall titers and 327 

maternal-fetal TRs, which also differs by type of exposure. In our pregnant cohorts, vaccination 328 

in the third trimester induced higher nAb levels at delivery, while NT50s were lower with first 329 

trimester vaccination compared to infection. The variation of nAb activity between trimesters is 330 

more significant in the vaccinated mothers. As reported in the non-pregnant individuals, the 331 

range of nAb activity elicited by vaccination is variable compared to that elicited by infection 332 

depending on the time after vaccination or infection (43). Consistent with prior studies in non-333 

pregnant individuals (43), we found no differences in nAb specificity across variants between the 334 

two mRNA vaccine manufacturers. More studies are needed to understand host factors that 335 

determine these variable maternal immune responses and transfer dynamics.  336 

Neonates depend largely on the passive immunity from the maternal antibodies due to 337 

functional immaturity of their immune system. Maternal-fetal transfer of IgG against SARS-338 

CoV-2 after infection has been previously reported with TR between 0.72-0.90 (20, 44, 45). 339 

However, greater than 85% of infected cases in these studies were diagnosed positive in the third 340 

trimester and close to delivery, which may not allow sufficient time for induction of maternal Ab 341 

responses and subsequent transfer. Our prior work on a cohort of pregnancies with natural 342 

infection, TRs of total IgG was significantly higher when the first maternal positive PCR was 60-343 
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180 days before delivery compared with < 60 days (1.2 vs. 0.6, P < 0.0001) (33). However, in 344 

this study, our infected mothers had stable TRs of nAb across pregnancy. The differences 345 

between our findings and that of Song et al. (33) may be due to measurement of anti-SARS-346 

CoV-2 total IgG against nucleocapsid protein and RBD in their study versus only anti-RBD 347 

antibodies with neutralizing activity here. Our vaccinated mothers showed greatest nAb TRs in 348 

the second and early third trimester. We found that nAb TR passes 1.0 if vaccinated >60 days 349 

prior to delivery, ranging from 0.04 at 68 days to 9.0 at 114 days (average 2.0). This is similar to 350 

the IgG TR in infected mothers previously shown by Song et al (33). 351 

Our results also demonstrate selective transfer of antibodies across the placenta. The 352 

transport of IgG is thought to be carried out primarily by neonatal Fc receptor (FcRn) in the 353 

placental syncytiotrophoblast. FcRn is an atypical Fc gamma (γ) receptor (FcγR) that can bind 354 

the IgG Fc region, and has variable affinity for different IgG subclasses (IgG1, IgG2, IgG3 and 355 

IgG4) regulated by many factors such as maternal IgG concentrations, disease states, infections 356 

and timing of gestation (46-48). Also, Fc glycosylation states influence selective transfer, and 357 

reduced fucosylation was found on the Fc domain repertoire of IgG antibodies produced by 358 

COVID-19 patients, resulting in enhanced interactions with the activating FcγR (49, 50). It 359 

remains to be determined which subclass of IgG is the most effective in neutralizing the SARS-360 

CoV-2, and neonates might not be fully protected from SARS-CoV-2 infection even though 361 
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amounts of antibodies are detected in cord blood. 362 

Antibody transfer from mother to fetus depends on gestational age and maternal IgG 363 

levels. The transport happens in a linear fashion as the pregnancy progresses, with the largest 364 

amount transferred in the third trimester (46, 51, 52). Our results are consistent with these 365 

findings. Both maternal and cord blood have the highest amount of neutralizing activity in the 366 

third trimester. Interestingly, transfer efficiency appears to be greatest in the second trimester 367 

vaccination. This may be related to maximizing overall time available for maternal antibody 368 

production, as well as time for antibody to transfer and accumulate in the fetal circulation. As 369 

expected, the lowest amounts of neutralizing activity were noted at the time of delivery in 370 

maternal and cord blood after first trimester vaccination and infection, consistent with the natural 371 

decline of overall antibody levels after initial exposure. In whole, our results suggest that 372 

pregnant individuals receive their first dose at least 60 days prior to their anticipated delivery 373 

date. 374 

As previously reported, effectiveness after only one dose of vaccine is much lower 375 

(30.7-48.7%) among persons with the Delta and Alpha variant infection (53). To gain the greatest 376 

protection for both mothers and neonates, pregnant women should also receive two doses before 377 

delivery. As significantly decreased nAb was observed in the mothers vaccinated in the first 378 

trimester, a later booster dose would likely increase the levels of antibodies transferred to the 379 
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fetus for individuals who vaccinated in early pregnancy. However, further studies are needed to 380 

evaluate the dynamics of antibody stimulation from boosters in pregnancy. 381 

Of note, the patient demographics of the two cohorts were different in race and age. This 382 

reflects the population-based epidemiology of people that have highest rates of vaccine uptake and 383 

COVID-19 infection in the United States (54). This difference also speaks to the fact that there are 384 

structural factors (e.g. racism, inequitable access to COVID-19 PPE, testing, and vaccines and 385 

quality healthcare) that place pregnant and postpartum women of color at greater risk for being 386 

exposed to COVID-19 (5, 6). As vaccine efficacy was generally consistent across subgroups 387 

stratified by age, race and ethnicity in general population (55, 56), it is unlikely that these factors 388 

would impact the biologic immune response to mRNA vaccine and SARS-CoV-2 in pregnant 389 

women. Maternal BMI at delivery was also significantly different between vaccinated and infected 390 

cohorts. The majority (27/29, 93%) of our mothers in the infected cohort were overweight, 391 

reflecting that obesity is a risk factor for disease severity in individuals with SARS-CoV-2 392 

infection due to reduced respiratory system compliance and impaired innate and adaptive immune 393 

responses (57-59). Also, communities of color are at higher risk of obesity due to food apartheid, 394 

limited access to healthy foods, food insecurity and communities that do not have high walkability 395 

scores or green space. We found that the vaccinated individuals with BMI 25 to 29.9 at delivery 396 

can produce the most amount of nAb. Assuming that these patients were of normal BMI (18.5-397 
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24.9) prior to pregnancy, the result suggested that the vaccine response is most effective in this 398 

group compared with overweight or obese individuals. 399 

A prior study showed that maternal SARS-CoV-2-specific IgG antibody production was 400 

reduced and placental antibody transfer was impaired significantly in pregnancies with a male 401 

fetus, in which all patients were tested SARS-CoV-2 positivity in the third trimester during 402 

admission for delivery (11). Inconsistent with their result, our study showed no significant 403 

difference in nAbs by fetal sex after exposure in the third trimester in both groups. Lower nAb 404 

activities for male fetuses was only observed in first trimester vaccination, and all pregnancies 405 

infected in the first trimester were male fetuses, which suggests pregnancies with male fetuses 406 

might be more vulnerable in the first trimester infection due to low nAbs. 407 

There are several limitations and strength of our study. First, we have few patients that 408 

were exposed in the first trimester. However, this is balanced against a significant strength of our 409 

study in that the participants were matched by timing of vaccine or live viral exposure during 410 

pregnancy, allowing direct comparison of vaccine-induced and natural immunity in pregnancy 411 

and different timepoints in pregnancy. Second, we do not have sequencing data for the natural 412 

infection cohort, and thus do not know which strains caused the infection. However, all infected 413 

patients tested positive before January 2021, prior to broad circulation of the Alpha and Delta 414 

variants in the United States (60, 61). Presumably, individuals infected with the Delta variant 415 
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would have higher specific nAb activity against this strain and may also have differing responses 416 

to the other variants. Future studies would be helpful to understand the immunogenicity evoked 417 

by the Delta, Mu, and other variants in pregnancy. Third, detailed antibody characterization, such 418 

as IgG subtyping or fucosylation state, is needed to understand the role of these factors in the 419 

dynamics of maternal-fetal antibody transfer. This should be addressed in future studies. 420 

In conclusion, vaccination in pregnancy is highly effective in generating nAbs against 421 

all strains of SARS-CoV-2 tested, although activities against the Kappa, Delta, and Mu variants 422 

are reduced. Vaccine-induced neutralizing activity is comparable to natural immunity; however, 423 

cord levels of nAb are higher after vaccination. There is significant individual variation in 424 

antibody responses and antibody transfer from mother to fetus. Vaccination prior to 60 days 425 

before delivery is important for transfer of these neutralizing antibodies to the neonate. These 426 

results strengthen current recommendations to vaccinate all pregnant people against COVID-19. 427 

 428 

Methods 429 

Study design and samples collection 430 

Pregnant individuals who had a positive SARS-CoV-2 test by quantitative PCR were enrolled in 431 

our study from March 2020 through January 2021 from participating study sites. Pregnant 432 

individuals who received an mRNA-based COVID-19 vaccine were enrolled from December 433 
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2020 through August 2021 at the University of California San Francisco (UCSF). Thirty 434 

vaccinated and 30 infected pregnant women were chosen from these two cohorts to be matched 435 

on the approximate gestational age of first vaccine dose and the earliest confirmed SARS-CoV-2 436 

test. Vaccinated participants were fully vaccinated (at least 14 days after the second dose) with 437 

the BNT162b2 (17/30) or mRNA-1273 (13/30) vaccine at the time of sample collection. 438 

Maternal blood and infant cord blood used were collected at delivery in an EDTA collection tube 439 

and were processed within 24 hours. Plasma was isolated from whole blood by centrifugation at 440 

1500rpm for 10min, then aliquoted in the cryovial tubes and stored at -80°C until analysis. 441 

Clinical data was abstracted from the medical record. 442 

Preparation of Pseudotyped Virions 443 

For the preparation of virions, 293T cells are transfected with the spike plasmid followed 444 

inoculation with a previously generated working stock of rVSVΔG-rLuc*G (G protein-deficient 445 

vesicular stomatitis virus (VSV-G) containing an integrated Renilla Luciferase reporter gene) to 446 

generate the pseudotyped rVSVΔG-rLuc*SARS-CoV-2 (62). Pseudotyped virions were 447 

generated using spike plasmids harboring mutations found in the WT SARS-CoV-2 spike 448 

(Wuhan-Hu-1, GenBank accession number: MN908947.3), the Alpha variant (H69 deletion, V70 449 

deletion, Y144 deletion, N501Y, A570D, D614G, P681H, T716I, S982A, D1118H), the Kappa 450 

variant (L452R, E484Q, D614G, P681R, and Q1071H), the Delta variant (T19R, G142D, E156 451 
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deletion, F157 deletion, R158G, L452R, T478K, D614G, P681R, and D950N), and the Mu 452 

variant (T95I, Y144T, Y145S, 146N insertion, R346K, E484K, N501Y, D614G, P681H, and 453 

D950N) (Figure 1). The three types of virions were titrated based on the TCID50 method and 454 

equalized the infectivity titers. 455 

Pseudotyped Virion Neutralizing Antibody Assay 456 

To determine the neutralization activity of plasma, pseudotyped virion nAb experiments were 457 

performed with Calu-6 epithelial cells (ATCC HTB56) stably expressing human Angiotensin 458 

Converting Enzyme 2 (hACE2) (OriGene, RC08442). Twenty-four hours before administration 459 

of virion, 2.5x104 Calu-6 hACE2 cells were plated per well of a 96-well plate in 200 µL of 460 

complete DMEM. The SARS-CoV-2 spike pseudotyped virions harvested from the supernatant 461 

of the 293T cells were assayed for titration and then aliquots mixed for 30 minutes with heat-462 

inactivated plasma samples. Plasma samples were diluted in calcium-free DMEM starting at 1:15 463 

dilution, and then three-fold serial dilutions for 6 final concentrations, in triplicate. The mixtures 464 

were then used to infect Calu-6 hACE2 cells and incubated at 37 ºC and 5% CO2 for 24 hours. At 465 

24 hours post infection the cells were washed once with 1x PBS then 20 µL of lysis buffer was 466 

added per well, followed by 100 µL of Renilla Luciferase substrate/buffer (Promega, E2810) 467 

according to the manufacturer’s instructions. The plates were read on a luminometer. Results 468 

were analyzed by Prism software version 9 (Graph Pad). SARS-CoV-2 neutralization titers 469 
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(NT50) of the plasma samples were defined as the sample dilution at which a 50% reduction in 470 

relative light units was observed relative to the average of the virus control wells. All NT50 titers 471 

were calculated as an average of three independent experiments. 472 

IgG Antibody Measurement 473 

Antibodies to SARS-CoV-2 IgG was measured using the Pylon 3D automated immunoassay 474 

system (ET Healthcare, Palo Alto, California) as described previously (63). The antigens are the 475 

spike protein receptor-binding domain (RBD) and the nucleocapsid (N) protein. The assay result 476 

is expressed in relative fluorescence units. Maternal blood and infant cord blood at delivery were 477 

tested. 478 

Statistics 479 

Differences between three SARS-CoV-2 strains using the same plasma samples were analyzed 480 

using the Wilcoxon signed rank test. Differences between the vaccinated group and the infected 481 

group were analyzed using the Mann-Whitney test. Correlations between NT50 titers and IgG 482 

antibody titers were analyzed using Pearson’s rank test. The variance of maternal NT50 titers 483 

among SARS-CoV-2 strains was calculated by deriving Coefficient of Variation (CV) values per 484 

participant and performing multiple linear regression to determine if vaccinated/infected cohort 485 

or trimester of exposure were significantly associated with CV values (P < 0.05). Maternal-cord 486 

transfer ratios (TR) of nAbs were calculated by paired cord NT50/maternal NT50 titers to 487 
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estimate transplacental transfer of nAB. Multiple linear regression analysis was used to 488 

determine associations among TR and vaccination/infection cohorts or SARS-CoV-2 strains. 489 

Analyses were performed with GraphPad Prism. Heatmaps were created in R studio (pheatmap) 490 

and GraphPad Prism.  491 

Study approval 492 

This study was approved by the institutional review board of the UCSF (IRB# 20-32077), Santa 493 

Clara Valley Medical Center (IRB# 20-021), Oregon Health and Sciences University (IRB# 494 

STUDY00021569) and Marshall University (IRB# 1662248-1). Written informed consent was 495 

obtained from all participants. Demographic characteristics and clinical data were collected 496 

through questionnaires and medical record review. 497 
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 519 

FIGURE LEGENDS 520 

Figure 1. Positions of mutated amino acid residues in the Spike proteins from four variants. 521 

The residues L452R, T478K, R346K, E484K, and N501Y are labeled in red. The crystal 522 

structure of SARS-CoV-2 spike RBD and ACE2 (PDB: 6M0J) (64) was used as the template. All 523 

structure figures were generated with PyMol (65). 524 

Figure 2. Neutralizing activity of maternal and cord plasma samples from vaccination 525 

cohort and infection cohort. (A) Comparison of the composite median NT50 titers against all 526 

examined strains between vaccinated and infected group. The dot plots show NT50 values in 527 

maternal plasma and cord plasma. The dotted line indicates the cut-off threshold of this assay. (B, 528 

C) NT50 values of the maternal and cord blood were compared separately. Black bars represent 529 

the median of NT50 values. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not 530 

significant (Mann-Whitney test). Trimester of exposure is indicated by color (red, first trimester; 531 

blue, second trimester; yellow, third trimester). 532 

Figure 3. SARS-CoV-2 Neutralizing Antibody Activities in Plasma from Vaccinated and 533 
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Infected Pregnant Women and Infant Cord Blood Dyads. (A) Among a vaccinated cohort and 534 

an infected cohort, we matched the timing of the first vaccination to the timing of the infection to 535 

be the same. Neutralization assays were performed by exposing Calu-6-ACE2 cells with 536 

pseudotyped virions displaying the WT SARS-CoV-2 spike, Alpha, Kappa, Delta, or Mu) to 537 

serial dilutions of plasma. 50% neutralization (NT50) values of the plasma samples were defined 538 

as the sample dilution at which a 50% reduction in relative light units was observed relative to 539 

the average of the virus control wells. Triplicates were performed for each tested serum dilution. 540 

Black bars represent the median NT50 values. (B) Paired maternal and cord NT50 titers against 541 

SARS-CoV-2 strains of each vaccinated and infected patient, ordered by increasing gestational 542 

age, grouped by trimester. Patient characteristics are indicated by color (Trimester of exposure: 543 

red, first trimester; blue, second trimester; yellow, third trimester. Vaccine type: green, mRNA-544 

1273; orange, BNT162b2. Fetal sex: pink, female; blue, male). N/A, samples are not enough. *P 545 

< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant (Wilcoxon signed rank 546 

test). 547 

Figure 4. Placental Transfer of SARS-CoV-2 Antibodies. (A) The effect of trimester on 548 

antibody transfer. The dot plots show NT50 titers for a cohort of vaccinated maternal-cord pairs. 549 

Three separate analyses were performed on the trimester at time of first exposure (Red, first 550 

trimester; blue, second trimester; yellow, third trimester). Lines connect mother:cord dyads. 551 
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Significance was determined by the Wilcoxon signed-rank test. (B) Maternal-cord transfer ratios 552 

(TR) of nAbs were calculated by cord NT50/maternal NT50 to assess efficiency of nAb transfer. 553 

nAb TRs are shown by timing on the first vaccine dose or the first positive PCR result. 554 

Correlations between the cord to maternal nAb ratio and days from events were analyzed using 555 

non-linear regression analysis. (C) Maternal and cord NT50 values were shown by timing on the 556 

first vaccine dose or the first positive PCR result. (D) Patient based nAb TRs for each SARS-557 

CoV-2 strain in both vaccinated and infected patients. All patients were ordered according to 558 

increasing gestational age (GA) within their groups. N/A, samples are not enough. *P < 0.05; 559 

***P < 0.001; ****P < 0.0001; ns, not significant. 560 

Figure 5. Neutralizing activity and clinical factors. Maternal and cord NT50 values were 561 

compared in vaccinated versus infected mothers, stratified by trimester of exposure and by (A) 562 

Fetal sex and (B) Maternal Body Mass Index (BMI). The BMI at the time of delivery was 563 

divided into three groups: 18.5 to 24.9, 25 to 29.9, and 30 or more and compared. NT50 values 564 

were compared separately for mothers older than 35 years and younger than 35 years. Black lines 565 

indicate median. *P < 0.05; **P < 0.01; ***P < 0.001 (Mann-Whitney test). Trimester of 566 

exposure is indicated by color (Red, first trimester; blue, second trimester; yellow, third 567 

trimester). 568 

 569 
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Supplemental Figure 1. (A) NT50 values for four dyads who were neither vaccinated nor 570 

infected and delivered in the same period were included as negative controls. The dotted line 571 

indicates the cut-off threshold of this assay. Comparison of the NT50 values by trimester and by 572 

five strains in the maternal blood (B) and cord blood (C), respectively. The dot plots show NT50 573 

values. Black bars represent the median of NT50 values. *P < 0.05; **P < 0.01; ***P < 0.001; 574 

****P < 0.0001; ns, not significant (Mann-Whitney test).  575 

 576 

Supplemental Figure 2. Maternal blood (A) and cord blood (B) coefficient of variation (CV) 577 

values were compared between vaccinated and infected cohorts. Maternal blood (C) and cord 578 

blood (D) CV values were compared by trimesters. Dashed black bars represent the mean of CV 579 

values. ns, not significant (Multiple Linear Regression).  580 

 581 

Supplemental Figure 3. (A, B) Comparison of neutralizing antibody transfer by trimester and 582 

by five strains. (C, D) Correlation between NT50 values and the IgG values. Cord to maternal 583 

IgG antibody transfer ratios were plotted using IgG values tested by the Pylon 3D automated 584 

immunoassay system in order of the timing on the first vaccine dose (C) or the first positive PCR 585 

result (D). (E) Transfer ratios (TRs) for all five strains were compared among vaccinated and 586 

infected cohorts. (F) TRs were stratified by SARS-CoV-2 strain and compared among vaccinated 587 
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and infected cohorts. Dashed black bars represent the mean of TR values. Vac, vaccinated cohort; 588 

Inf, infected cohort. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant (Wilcoxon signed 589 

rank test or multiple linear regression).  590 

 591 

Supplemental Figure 4. Maternal and cord NT50 values were compared in vaccinated versus 592 

infected mothers, stratified by trimester of exposure and by maternal age. NT50 values were 593 

compared separately for mothers older than 35 years and younger than 35 years. Black lines 594 

indicate median. ***P < 0.001; ns, not significant (Mann-Whitney test).  595 
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Table 1. Characteristics of pregnant women receiving mRNA COVID-19 vaccine and testing positive for SARS-
CoV-2 
 Vaccinateda Naturally infecteda Unvaccinated/uninfected P value 

 (n=30) (n=30) (n=4)  
Age (years) 36 (33-38) 28 (24-36) 32 (28-35) < 0.0001 
< 35 12 (40.0) 23 (76.7) 3 (75.0)  
³ 35 18 (60.0) 7 (23.3) 1 (25.0)  

Race/Ethnicity    < 0.0001 
White 21 (70.0) 2 (6.7) 3 (75.0)  
Black  0 2 (6.7) 0  
Asian 3 (10.0) 3 (10.0) 0  
Hispanic/Latina 2 (6.7) 22 (73.3) 1 (25.0)  
Otherb 4 (13.3) 1 (3.3) 0  

GA at exposurec (weeks)   N/A 0.96 
First trimesterd 5 (16.7) 5 (16.7) N/A  
Second trimesterd 12 (40.0) 13 (43.3) N/A  
Third trimesterd 13 (43.3) 12 (40.0) N/A  

GA at delivery (weeks) 39.1 (37.7-39.6) 39.1 (38.7-39.3) 38.9 (37.5-40.0) 0.64 
Preterm 3 (10.0) 2 (6.7) 0  
Term 27 (90.0) 28 (93.3) 4 (100.0)  

Fetal sex    0.80 
Male 14 (46.7) 13 (43.3) 4 (100.0)  
Female 16 (53.3) 17 (56.6) 0  

Maternal BMIe 23.5 (22.0-27.3) 32.2 (28.8 – 35.6)  < 0.0001 
18.5 - 24.9 18 2 N/A  
25 - 29.9 7 8 N/A  
≥ 30 5 19 N/A  

Days from exposurec to delivery 91 (60-140) 92 (53-139) N/A 0.56 
Disease Severity    N/A 

Asymptomatic N/A 7 (23.3) N/A  
Mild N/A 20 (67.7) N/A  
Severe N/A 3 (10.0) N/A  

Vaccine    N/A 
mRNA-1273  13 (43.3) N/A N/A  
BNT162b2 17 (56.7) N/A N/A  

Days after second dose    N/A 
≥14 and < 28 3 (10.0) N/A N/A  
≥ 28 27 (90.0) N/A N/A  

Data are presented as n (%) or median (interquartile range) unless otherwise indicated.  
GA, gestational age; BMI, body mass index. 
aParticipants were selected to match based on the approximated gestational age of first-dose vaccine and positive test 
bOther includes multiracial and unknown 
cExposure is defined as date of first dose vaccine or SARS-CoV-2 PCR positive. 

dThe trimesters are defined according to the American College of Obstetricians and Gynecologists. 
eMaternal BMI was measured at delivery. 
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Table 2. Summary of key findings in this study 
   

Vaccinated cohort (30 dyads) Infected cohort (30 dyads) 
Composite NT50  
  Maternal ND 
  Cord  Vaccinated > Infected 
Compared by variants (vs. WT) Alpha Kappa Delta Mu Alpha Kappa Delta Mu 
  Maternal NT50 reduction 1.3´ 1.7´ 2.9´ 4.9´ ND 1.1´ 2.1´ 2.5´ 
  Cord NT50 reduction 1.1´ 1.7´ 1.8´ 3.0´ ND 1.5´ 3.1´ 3.0´ 
Compared by trimesters 1st 2nd 3rd 1st 2nd 3rd 
  Maternal NT50 Lowest 

Vac < Inf  Highest 
Vac > Inf Lower ND ND 

  Cord NT50 Lowest  Highest 
Vac > Inf Lower ND ND 

  Maternal (M) vs. Cord (C) NT50 M < C M < C ND ND ND M > C 
  Logistic analysis of nAb TR TR > 1 if > 60d* Highest TR < 1 if < 60d* ND ND ND 
Impact of clinical factors on NT50s   
  Fetal sex Pregnancies with male fetuses are higher in 2nd Pregnancies with male fetuses are higher in 2nd 
  Maternal pre-delivery BMI Women with BMI 25-29.9 are the highest Women with BMI 25-29.9 lower than normal weight 
  Maternal age Maternal Age > 35y is higher in cord ND 

NT50, neutralizing titer-50; WT, wild type; Vac, vaccinated; Inf, infected; nAb, neutralizing antibody; TR, transfer ratio; BMI, body mass 
index; 1st, 2nd and 3rd refer to trimester; ND, no difference. 
*Days from 1st dose to delivery       
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