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Copper intrauterine device increases vaginal
concentrations of inflammatory anaerobes
and depletes lactobacilli compared to
hormonal options in a randomized trial

Bryan P. Brown 1,2 , Colin Feng1, Ramla F. Tanko3,4, Shameem Z. Jaumdally3,
Rubina Bunjun 3, Smritee Dabee 1,2,3, Anna-Ursula Happel3, Melanie Gasper1,2,
Donald D. Nyangahu1,2, Maricianah Onono5, Gonasagrie Nair6,
Thesla Palanee-Phillips7, Caitlin W. Scoville2, Kate Heller2, Jared M. Baeten 2,8,
Steven E. Bosinger 9,10, Adam Burgener11,12,13, Jo-Ann S. Passmore 3,14,
Renee Heffron2,15 & Heather B. Jaspan1,2,3

Effective contraceptives are a global health imperative for reproductive-aged
women.However, there remains a lackof rigorousdata regarding the effects of
contraceptive options on vaginal bacteria and inflammation. Among 218
women enrolled into a substudy of the ECHO Trial (NCT02550067), we eval-
uate the effect of injectable intramuscular depot medroxyprogesterone acet-
ate (DMPA-IM), levonorgestrel implant (LNG), and a copper intrauterinedevice
(Cu-IUD) on the vaginal environment after one and six consecutive months of
use, using 16S rRNA gene sequencing and multiplex cytokine assays. Primary
endpoints include incident BV occurrence, bacterial diversity, and bacterial
and cytokine concentrations. Secondary endpoints are bacterial and cytokine
concentrations associated with later HIV seroconversion. Participants rando-
mized to Cu-IUD exhibit elevated bacterial diversity, increased cytokine con-
centrations, and decreased relative abundance of lactobacilli after one and six
months of use, relative to enrollment and other contraceptive options. Total
bacterial loads of women using Cu-IUD increase 5.5 fold after six months,
predominantly driven by increases in the concentrations of several inflam-
matory anaerobes. Furthermore, growth of L. crispatus (MV-1A-US) is inhibited
by Cu2+ ions below biologically relevant concentrations, in vitro. Our work
illustrates deleterious effects on the vaginal environment induced by Cu-IUD
initiation, which may adversely impact sexual and reproductive health.

Unintended pregnancy can have grave consequences for women,
children, and families, making access to safe and effective contra-
ception a global health priority1,2. Modern contraceptive methods are
used globally, though women living in regions with a high burden of

sexually transmitted infections (STI) face uncertainty concerning
contraceptive-induced effects on the vaginal microbiota3. Previous
studies have suggested that some contraceptives, including both non-
hormonal and hormonal options, may alter vaginal microbiota4–7 and
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host mucosal immune responses8–11, which may influence adverse
health outcomes inwomen. The compositionof vaginalmicrobiota has
been identified as a significant determinant of reproductive health12–14.
Several clinical studies have shown that bacterial vaginosis (BV),
characterized by a diverse community of anaerobic bacteria and
depletion of Lactobacillus spp., is associated with elevated STI risk
compared to communities dominated by lactobacilli (especially non-
iners Lactobacillus spp.)14,15. In agreement, lactobacilli-dominated
vaginal communities are an important component of mucosal
defense against STIs16. In addition to lowering vaginal pH as a result of
theirmetabolites, there are severalmodesof actionbywhich beneficial
vaginal bacteria reduce STI susceptibility, including modulation of
epithelial barrier integrity17; alteration of epithelial or immune cell
function via production of cytokines or other factors8,18–20.

The Evidence for Contraceptive Options and HIV Outcomes
(ECHO) Trial found no significant difference in HIV incidence rates
among 7,829 African women randomized to either (a) injectable
intramuscular depot medroxyprogesterone acetate (DMPA-IM), (b)
the levonorgestrel (LNG) implant, or(c) the non-hormonal T-380 cop-
per intrauterine device (Cu-IUD)21. Following these findings, the World
Health Organization (WHO) modified their recommendations that
women can use any method of contraception, barring medical con-
traindications, regardless of their HIV risk22; however, these recom-
mendations do not take into account possible interactions between
contraceptives and resident microbiota of the female genital tract
(FGT). Data conflict as to if and how hormonal and non-hormonal
contraceptives modulate vaginal microbiota23,24. Injectable progestin
use has been implicated in increased risk for STIs18,23,25 but the under-
lying mechanisms remain unclear26–29. Specifically, DMPA-IM adminis-
tration has been associated with a reduction in vaginal epithelial layer
thickness6, which in turn may impair colonization of lactobacilli6,23.
However, in someobservational studies, DMPA-IMhasbeen associated

with decreased risk of BV30–32, while Cu-IUD initiation has been found
to increase BV prevalence4,33. BV itself is associated with increased STI
incidence, including Chlamydia trachomatis and Neisseria
gonorrhoeae34, as well as with increased risk for other adverse repro-
ductive health outcomes including pelvic inflammatory disease25, and
a myriad of adverse birth outcomes35–39.

To date, the association between initiation of three commonly
used contraceptives, DMPA-IM, LNG implant, and the Cu-IUD, and
concomitant changes in the vaginal environment has not been
explored in a randomized trial, which overcomes biases introduced by
differences in behavior among women choosing their preferred con-
traception in observational studies. The recently completed UChoose
Trial found differential effects of three contraceptives on the FGT
microbiota and cytokine profile3, though all of those options were
hormonal and distinct from those used in this study. Here, we present
data on shifts in vaginal bacterial community dynamics, total bacterial
loads and the inferred concentrations of specific taxa, clinical BV
prevalence, and subsequent effects on the cytokine milieu in genital
samples collected prospectively from a subset of South African and
Kenyan women randomized to DMPA-IM, LNG implant, and Cu-IUD
within the ECHO Trial. We experimentally interrogated possible
mechanisms for our findings in vitro, identifying ionic copper-induced
growth inhibition of L. crispatus. We further perform an integrative
analysis of microbial and inflammatory profiles in participants who
acquired HIV versus those who remained seronegative during the trial,
identifying microbial and inflammatory factors delineating these
groups.

Results
Enrollment characteristics
Samples from 218 women enrolled in the nested mucosal sub-study of
the ECHOTrial (Figure S1), fromSouthAfrica andKenya,were included
in this analysis. Themedian age of thewomenwas 24 years (IQR 21–27)
and participants had a median of one current partner (IQR 1–1)
(Table 1). At enrollment, there were no significant differences in dis-
tributions of clinical BV status, Neisseria gonorrhoeae, or HSV-2 ser-
ostatus between arms (Table 1). The prevalence of Chlamydia
trachomatis differed by contraceptive arm, with 23% prevalence
among women assigned to Cu-IUD, 14% in women assigned to DMPA-
IM, and 7% in women assigned to LNG implant (Table 1), though this
did not have a significant effect on bacterial community alpha- or beta-
diversity (Figure S2).

Vaginal bacterial communities
After applying sequencing quality filtering and depth cutoffs, a total of
542 lateral vaginal wall samples from 218 women from a median of
three study visits were used in this analysis. The 106 missing samples
from these women were evenly distributed across visits and arms and
were not significantly associated with either variable (χ2 P =0.88). PAM
clustering of community profiles using Bray-Curtis distance on relative
abundance transformed taxonomic profiles resulted in the identifica-
tion of five community state types (CSTs; Figure S3). CSTs III-A and I-B
were numerically dominated by Lactobacillus taxa (L. iners and L.
crispatus, respectively) and displayed low Shannon diversity. CST IV-B
was primarily comprised of Gardnerella vaginalis and displayed a
moderate level of diversity. CSTs IV-A and IV-D were strongly corre-
lated with clinical BV diagnosis and displayed the highest Shannon
diversity,with Lachnocurvavaginae as themost abundant taxon inCST
IV-A (Figure S3).

Copper IUD significantly elevates vaginal bacterial alpha diver-
sity and Nugent score
After adjusting for baseline Nugent score and multiple comparisons,
clinical BV classification (as measured via Nugent score) was sig-
nificantly higher among participants randomized to Cu-IUD after

Table 1 | Baseline cohort characteristics

Copper
IUD (N = 62)

DMPA-IM (N = 64) LNG
Implant (N = 68)

Agea 24.0 (21.0, 27.0) 24.0 (21.0, 26.3) 23.0 (21.0, 26.0)

BMIa 25.1 (21.6, 30.7) 24.5 (22.2, 30.3) 23.0 (21.0, 30.6)

Graviditya 1 (1, 2) 1.00 (1, 2) 1.00 (1, 2)

Term
pregnanciesa

1 (1, 2) 1.00 (1, 2) 1.00 (1, 2)

Primary partnersa 1 (1, 1) 1.00 (1, 1) 1.00 (1, 1)

STI prevalence

Chlamydia
trachomatisb

14 (23%) 9 (14%) 5 (7%)

Neisseria
gonorrhoeab

5 (8%) 3 (5%) 3 (4%)

HSV-2b 25 (40%) 34 (53%) 30 (44%)

Clinical BV prevalence

BV positiveb

(Nugent 7–10)
20 (34%) 15 (26%) 21 (34%)

BV intermediateb

(Nugent 4–6)
9 (15%) 6 (10%) 5 (8%)

BV negativeb

(Nugent 0–3)
30 (51%) 37 (64%) 35 (57%)

CST distribution

I-Bb 7 (11%) 6 (9%) 4 (6%)

III-Ab 23 (37%) 33 (52%) 26 (38%)

IV-Ab 12 (19%) 9 (14%) 10 (15%)

IV-Bb 9 (15%) 5 (8%) 13 (19%)

IV-Db 11 (18%) 11 (17%) 15 (22%)
aMedian (IQR).
bn (%).
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6 months of use (ANCOVA adjusted P =0.0006; Fig. 1a; enrollment
median: 3 and IQR: 0–8; 6-month median: 8, and IQR: 2–10) relative to
participants randomized toDMPA-IM. After 6months of contraceptive
use, Nugent scores were significantly higher (Wilcoxon P =0.026) than
the enrollment visit, though only for participants randomized to Cu-
IUD (Figure S4A). Likewise, women randomized to Cu-IUD displayed
significantly higher bacterial Shannon diversity compared to

participants randomized toDMPA-IM (ANCOVAadjusted P = 0.02 after
adjusting for baseline Shannon and multiple comparisons; Fig. 1b),
although this was not evident after 1 month (Fig. 1b). At the 6-month
visit, women randomized to DMPA-IM also had lower Shannon diver-
sity than women randomized to LNG implant, although this did not
reach statistical significance (ANCOVA adjusted P =0.16; Fig. 1c).
Among Cu-IUD users, alpha diversity increased, though not
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significantly, from enrollment to 1 month (Shannon index median at
enrollment and 1month: 1.17 and 1.6, respectively; Wilcoxon P = 0.062;
Figure S4B), which was not evident in women using DMPA-IM or LNG
implant. There was no significant difference in Shannon diversity by
randomization arm at enrollment (Figure S4B). Cu-IUD use resulted in
a significant increase in Shannon diversity after 6 months of use
(Shannon index median: 1.89; Wilcoxon P =0.017; Figure S4B) com-
pared to enrollment that was not observed in women randomized to
the othermethods. Therewas also no significant difference in bacterial
alpha diversity between participants who tested positive for C. tra-
chomatis or N. gonorrhoeae at enrollment versus those who tested
negative (Shannon: Wilcoxon P =0.36; Figure S2A, B).

Contraceptive use causes shifts in bacterial community profiles
To assess the effect of contraceptive use or a covariate on bacterial
community profiles, we compared inter-community (between
sample) distance within categorical groupings (e.g. randomized
arm, study site, STI status etc.) against the across-group centroid
using a PERMANOVA.We found no significant clustering of samples
by enrollment randomization arm using Bray-Curtis distance
(PERMANOVA P = 0.603; PERMDISPERSION P = 0.385). Similarly, C.
trachomatis and N. gonorrhoeae infections at enrollment did not
have a significant effect on inter-community distance (Bray-Curtis;
PERMANOVA P = 0.121, PERMDISPERSION P = 0.927; Figure S2C, D).
However, because STI status was imbalanced between groups at
enrollment, these were adjusted for in downstream analyses. Study
site did have a statistically significant effect on inter-community
distance at enrollment (Figure S2E; Bray-Curtis; PERMANOVA
P = 0.024; PERMDISPERSION P = 0.53) and 1month of contraceptive
use (Bray-Curtis; PERMANOVA P = 0.028; PERMDISPERSION
P = 0.42), but not at 6 months (Bray-Curtis; PERMANOVA P = 0.072;
PERMDISPERSION P = 0.19) and therefore was also included as a
covariate in differential abundance testing and regression models
evaluating bacterial abundance. Randomized contraceptive arm
had a significant effect on inter-community distance after 1 month
of use (PERMANOVA P = 0.024; PERMDISPERSION P = 0.054;
Fig. 1d), though not when controlling for study site, STI status at
enrollment, and enrollment CST (PERMANOVA P = 0.156). Contra-
ceptive method was a significant determinant of inter-community
distance after 6 months of use (PERMANOVA P = 0.006; PERM-
DISPERSION P = 0.759) and remained so when controlling for study
site and enrollment CST (PERMANOVA P = 0.017).

We generated Bayesian directed acyclic graphs (DAGs), which are
useful for inferring relationships between microbial communities40, to
infer the relationships between samples, CSTs, and the effect of con-
traceptive use.When generatingDAGs fromparticipant samples after 1
and6months of contraceptive use, participants randomized toCu-IUD
clustered consistently in the same Euclidean space as those with
diverse, BV-associated CSTs (IV-A and IV-D; Fig. 1e, f). Conversely,
participants randomized to LNG implant and DMPA-IM clustered in
spaces associatedwith low diversity CSTs. Cu-IUD usewas significantly
associated with a shift to non-Lactobacillus-dominant bacterial com-
munities after 6months of use, as compared to both hormonal options
(Boschloo’s P =0.03, OR = 1.85).

Distribution of community state types and transition fre-
quencies induced by contraception initiation
Among the five CSTs identified, there was no significant difference
in the distribution of these CSTs among randomization arms at
enrollment (Fig. 2a). When evaluating the effects of contraceptive
use on the distribution of CSTs, we observed differential shifts
through time (Fig. 2) by randomization arm. While none of the five
detected CSTs were significantly associated with users of any
contraceptive after 1 month, CST IV-A was significantly more pre-
valent in participants randomized to Cu-IUD at 6 months (11.6%)
than either of the other contraceptives (2.9% of DMPA-IM and 4.6%
of LNG-implant, McNemar’s χ2 P = 0.003). CST IV-B was significantly
more prevalent among participants using LNG implant (8.1%) for
6months than any other contraceptive (2.3% for DMPA-IM and 3.5%
for Cu-IUD, χ2 P = 0.03). We also report a significantly lower pre-
valence of CST I-B in women randomized to Cu-IUD after 6 months
compared to DMPA-IM for the same duration (Boschloo’s P = 0.016,
OR = 0.184), though not relative to LNG implant (Boschloo’s
P = 0.19, OR = 0.43). Relative to baseline, the prevalence of CST I-B
decreased 3.5-fold after 6 months of Cu-IUD use, but when subset
to paired samples this did not remain significant (McNemar’s χ2

P = 0.1). When evaluating transitions between CSTs, we found that
participants randomized to DMPA-IM showed a statistically sig-
nificant increase in the frequency of transition from CST III-A to I-B
(χ2 P = 0.008) after 6 months of use.

Changes in bacterial taxa induced by contraceptive initiation
We used ANCOM-BC and DESeq2 to identify taxa that were sig-
nificantly differentially abundant at 1 and 6 months post-
contraception initiation (Fig. 2b and Figure S5) compared to
enrollment. In addition to the initial prevalence and relative
abundance filters, we required that a taxon be present across 15% of
samples to be included in differential abundance testing. Partici-
pants randomized to Cu-IUD displayed significant reductions in
Lactobacillus species as well as increases in several BV-associated
bacteria by both methods after 1 and 6 months of use. Cu-IUD was
the only contraceptive that was associated with significant altera-
tions in bacterial relative abundance after 1 month of use, resulting
in increases in Sneathia amnii and Veillonella montpellierensis by
both methods and increases in additional dysbiotic taxa along with
a decrease in L. iners as detected by ANCOM-BC (Fig. 2b). After
6 months, participants randomized to Cu-IUD displayed significant
reductions in the abundance of Limosilactobacillus reuteri (for-
merly Lactobacillus reuteri; DESeq2; Figure S5) and Corynebacter-
ium amycolatum (ANCOM-BC), and elevations in the abundance of
S. amnii and Prevotella timonensis (both methods) as well as other
BV-associated taxa by one or both methods. Participants rando-
mized to DMPA-IM displayed significant increases in the relative
abundance of S. amnii (both methods) after 6 months of use. Par-
ticipants randomized to LNG implant experienced a small but sig-
nificant increase in the abundance of a single Sneathia taxon
(DESeq2) at 6 months. All of these shifts were significant after
correction for multiple comparisons via the Benjamini-Hochberg
method41.

Fig. 1 | Contraceptive use significantly alters the composition and diversity of
vaginal bacterial communities across 218 participants. a Cross-sectional com-
parisons of clinical Nugent scores by randomization armCu-IUD (n = 47); DMPA-IM
(n = 36); LNG implant (n = 46). b Cross-sectional comparison of the effect of each
contraceptive method on vaginal bacterial Shannon diversity Cu-IUD (n = 55);
DMPA-IM (n = 45); LNG implant (n = 53). c PCoA ordination of relative abundance
transformed taxonomic abundance using Bray-Curtis distance. Samples are
colored by CST. d PCoA ordination of relative abundance transformed taxonomic
abundance using Bray-Curtis distance. Samples are colored by randomization arm.

e Network analysis of samples visualized using a Bayesian directed acyclic graph
(DAG) and colored by CST. f DAG colored by randomization arm. DAGs were
generated using Euclidean distance on centered log ratio transformed taxonomic
abundance. Network inferencewasperformedusing the PCalgorithm. Two-tailed P
values were calculated using an ANCOVA model for multiple comparisons of
Nugent scores and Shannon diversity, and a permutational ANOVA for multiple
comparisons in the beta-diversity analysis. All hypothesis tests included baselines
values as a covariate. Boxplots limits define the first and third quartiles, the center
line represents the median, and whiskers define 1.5x interquartile range.
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Cu-IUD use results in significant increases in total bacterial load
and abundance of several BV-associated taxa
Total bacterial loads and the inferred concentrations of several taxa
were significantly altered by contraceptive use (Fig. 3). After 6 months
of use, women randomized to Cu-IUD displayed a 3.4-fold increase in
the median bacterial load (Student’s P = 8.2e−4, enrollment median:
12,000, and IQR: 3655–42,240; 6 month median: 40,501, and IQR:
16,867–124,630). To a lesser extent, women randomized to DMPA-IM
for 6months also displayed a significant increase in total bacterial load
(Student’s P = 0.019, enrollmentmedian: 10,257, and IQR: 1915–34,303;
6 month median: 36,309, and IQR: 6795–99,135), as well as women
randomized to LNG implant (Student’s P =0.026, enrollment median:
8175, and IQR: 2414–35,472; 6 month median: 20,113, and IQR:
3758–129,275) (Fig. 3a). Although the use of all three options resulted
in significant elevations in total bacterial load after Benjamini-
Hochberg correction41, both the magnitude of increase and the taxa
driving these shifts were distinct. After adjustment for multiple com-
parisons, Cu-IUD use was uniquely associated with an increase in the
absolute abundance of several dysbiotic, proinflammatory, and/or BV-
associated taxa, such as: A. vaginae (Wilcoxon P =0.032), Dialister sp.

(Wilcoxon P =0.025), Eggerthella Type I (Wilcoxon P =0.03), Fastidio-
sipila sp. (Wilcoxon P = 0.03), G. vaginalis (Wilcoxon P = 0.03), Pep-
tostreptococcus sp. (Wilcoxon P = 0.018), P. timonensis (Wilcoxon
P =0.007), Prevotella sp. (Wilcoxon P = 0.025), S. amnii (Wilcoxon
P =0.01), and Sneathia sp. (Wilcoxon P =0.0; Fig. 3b). Conversely,
women randomized to DMPA-IM exhibited increased concentrations
of L. iners, which mostly drove the increase in total bacterial load
associatedwith this contraceptive, though the increase did not remain
significant after correction (Figure S6A). None of these contraceptives
significantly altered the absolute abundance of L. crispatus, but this is
likely due to its low prevalence across the dataset (Figure S6B). All
reported p-values associated with differentially abundant taxa were
corrected using the method of Benjamini and Yekutieli42.

Nugent score increases with Cu-IUD use and strongly correlates
with Cu-IUD induced alterations in absolute bacterial
abundance
To relate individual bacterial concentrations to broader healthmetrics
such as clinical BV diagnosis, we calculated the sum of the con-
centrations of bacteria that were significantly altered by each

Fig. 2 | Contraceptive use drives CST transition and shifts in bacterial abun-
dance. aCSTs are indicated at each timepoint and alluvials track theprogressionof
a given participant across time. Plots are faceted by randomization arm. b Fold
changes in bacterial abundance after 1 and 6 months of contraceptive use, relative
to enrollment abundance. Fold changes are log2 transformed and were calculated

using the default (two-sided) ANCOM-BC model for two-group comparisons. Ver-
tical dashed lines indicate a 0.5-fold change. Each point represents the arithmetic
mean log2 fold change and solid horizontal lines represent the standard error. Taxa
with P <0.05 after adjustment for multiple comparisons (Benjamini and Hochberg)
are shown; Cu-IUD (n = 55); DMPA-IM (n = 45); LNG implant (n = 53).
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contraceptive. DMPA-IM and LNG implant use did not result in sig-
nificant shifts in the concentrations of any bacteria after adjustment
for multiple comparisons and thus were not correlated with Nugent
score. Conversely, the concentrations of bacteria whose abundance
was altered after 6 months of Cu-IUD use (Fig. 3b), was a significant
predictor of clinical BV diagnosis via Nugent score (t (271 degrees of
freedom) = 17.217, P < 2e−16; Fig. 3c).

Shifts in bacterial abundance induced by Cu-IUD initiation are
tightly correlated with the abundance of several key cytokines
We measured the concentrations of 27 cytokines in cervicovaginal
fluid (Tanko et al.) and assessed the relationship between vaginal
microbiota and cytokine concentrations. To link shifts in the bac-
terial microbiota to alterations in cytokine concentration, we
regressed the sum of the inferred concentrations of taxa sig-
nificantly altered by Cu-IUD use after 6 months of use against the
concentrations of the 26 measured cytokines that passed our

quality controls. In addition to correlating strongly with Nugent
score (Fig. 3c), the concentrations of Cu-IUD altered bacteria was
highly predictive of the concentrations of 8 of the 26 cytokines
measured in menstrual cup cervicovaginal fluid after correction for
multiple comparisons. After 6 months of contraceptive use, the
concentrations of Cu-IUD altered bacteria were positively corre-
lated with the concentrations of inflammatory (IL-1β and TNF-α)
and adaptive cytokines (IL-2, IL-15, IL-17), several growth factors
(FGF-basic, VEGF), and the chemokine IP-10 (Fig. 3d, Table S2). As
no bacterial concentrations were significantly altered after
6 months of LNG Implant or DMPA-IM use, these options were de
facto not correlated with the concentrations of any cytokines. We
also observed that several cytokines were strongly positively cor-
related with Shannon entropy measures (Figure S7), though pre-
diction accuracy (Table S2) was lower than for models using the
inferred concentrations of Cu-IUD altered bacteria as the predictor
variable.

Fig. 3 | Cu-IUDuse induces significant increases in the concentrations of several
cervicovaginal bacteria and cytokines. a Absolute 16S rRNA gene copy number
assessed by broad-range qPCR at the study enrollment visit and after 6 months of
the assigned contraceptive use. P valueswere calculatedusing a Student’s t test and
corrected using the Benjamini and Hochberg method; Cu-IUD (n = 54); DMPA-IM
(n = 44); LNG implant (n = 52). b Increases in absolute bacterial abundance after
6 months of Cu-IUD use. Only those taxa whose abundance remained significant
after adjustment for multiple comparisons (Benjamini and Yekutieli) are shown.
Data are presented as mean values +/− SEM. c The additive concentration of bac-
teria altered by Cu-IUD use correlates strongly with Nugent score. d The additive
concentration of bacteria altered by Cu-IUD use correlates strongly with the

concentration of several key cytokines after 6 months of contraceptive use. Two-
tailed P values were derived from the t-value of the generalized linear model.
Cytokine and bacterial concentrations were log2 transformed prior to analysis. The
class of cytokine is indicated above each subplot. Participant data points are
colored by randomization arm and are from data collected after 6 months of
contraceptive use. Boxplot center lines indicate the median, while the hinges
indicate the first and thirdquartiles, andwhiskers extend to 1.5 * IQR from the given
hinge. Models with p <0.05 after adjustment for multiple comparisons (Benjamini
and Yekutieli) are shown. Regression lines are indicated in blue and the shaded
regions around regression lines represent the 95% confidence interval.
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Copper ions inhibit the growth of L. crispatus across a range of
biologically relevant concentrations
We measured the growth of L. crispatus (MV-1A-US, BEI Resour-
ces), Streptococcus agalactiae (Group B Streptococcus COH1; GBS
COH1), and E. coli (DH10B, Thermo Fisher) in vitro in the presence
of ionic copper at concentrations spanning several orders of
magnitude (9e−4: 9e−10 g/mL) similar to those measured in cervical
secretions during Cu-IUD use43. Among the three bacteria assayed
in triplicate, only L. crispatus displayed reduced growth across
multiple copper concentrations examined. While the growth of all
three taxa was completely inhibited by ionic copper (Cu2+) con-
centrations of 9e−4 g/mL, L. crispatus growth was also severely
reduced in a dose-dependent manner, with substantial inhibition
at 9e−5 and 9e−6 g/mL (Fig. 4). Our data also revealed that even
ionic copper concentrations as low as 9e−10 g/mL were sufficient
to reduce the growth of L. crispatus by an average of 23% after
30 h of growth, which was not observed for other taxa.

Integrative compositional analyses reveal alterations in micro-
biota and inflammation between cases and controls
We compared the vaginal microbiota of women who acquired HIV
during follow-up (cases) and age and site matched controls using
samples collected at the visit prior to seroconversion (or equivalent
time point for controls). Cases were fairly evenly distributed across all
fiveCSTs, except no seroconversion occurred amongwomenwith CST
I-B, which is numerically dominated by L. crispatus (Table 2; Fig-
ure S8A). We used a sparse principal component (SPC) analysis to
identify which individual bacterial concentrations or cytokines best
distinguished cases and controls. When decomposing our integrated
dataset, we found that the fourth component explained the variance
that was most associated with, and significantly segregated, case
samples from controls (Fig. 5a). The abundance of bacterial taxa loa-
ded SPC4 more strongly than cytokine concentrations, with the
absolute abundance of L. crispatus being the factor that had the
greatest contribution. In addition, M. hominis and G. asaccharolytica
loaded SPC4 strongly, as well as cytokines IL-1B, IL-6, MIP-1a, and IP-10,
among others. We additionally used ANCOM-BC and DESeq2 to per-
form differential abundance testing between cases and controls. We
found that cases had greater than 10 log2 fold relative abundance of

TM7-H1 and Prevotella ihumii compared to control participants
(DESeq2; Figure S8B). No taxa were detected as significantly differen-
tially abundant by ANCOM-BC after adjustment, which we expect was
due to the small number of cases. As with the pre-post analysis, all
p-valueswere adjusted using themethodof Benjamini andHochberg41.

Discussion
Our substudy, which included South African and Kenyan women
enrolled in the ECHO Trial21, assayed the effects of the Cu-IUD, DMPA-
IM, and LNG implant on the vaginalmicrobiota at enrollment and after
1 and 6 months of use. We found that women initiating Cu-IUD
experienced an increase in vaginal bacterial diversity after 1 month of
use, with a more pronounced increase after 6 months of use. Cu-IUD
initiation also resulted in significantly higher vaginal bacterial diversity
compared to DMPA-IM after 6 months of use when controlling for
baseline values. Conversely, initiation of DMPA-IM or LNG implant was
not associated with significant cross-sectional or longitudinal shifts in
vaginalbacterial diversity. The effects ofCu-IUDuse similarly extend to
clinical BV status (assayed via Nugent scoring), where we found that
women randomized to Cu-IUD for 6 months displayed significantly
higher Nugent scores than women using DMPA-IM. Using broad-range
qPCR, we found that both Cu-IUD and DMPA-IM use resulted in sig-
nificant increases in the total vaginal bacterial load after 6 months of
use, though this increase was more pronounced, and driven by
increases in the concentrations of dysbiotic taxa, for Cu-IUD users. The
increase in bacterial load driven by DMPA-IM use appeared to be dri-
ven by an increase in the concentration of L. iners. Furthermore, after
6 months of use, Cu-IUD associated increases in BV-associated bac-
terial concentrations were significantly correlated with the con-
centrations of several cervicovaginal cytokines, which has broad,
negative implications for genital health and STI susceptibility44. More
broadly, contraceptive use significantly affected bacterial community
composition after 1- and 6-months of use. Participants using Cu-IUD
largely clustered in the same regions as BV-associated CSTs in
decomposed space. Conversely, women randomized to the LNG
implant and DMPA-IM more consistently clustered in regions asso-
ciated with mid or lower-diversity CSTs. Furthermore, women rando-
mized to Cu-IUD displayed significant elevations in the relative
abundance of bacterial taxa previously linked to BV or other negative
health outcomes45, with Cu-IUD initiation also leading to a 1.68 log2
fold reduction in L. iners relative abundance compared topre-initiation
levels. Collectively, our results argue that Cu-IUD elicited the most
robust effects on the vaginal environment, while DMPA-IM and the
LNG implant were associated with relatively minor, if any, shifts in
bacterial community composition or inflammation. If anything, DMPA-
IM was beneficial for the vaginal environment, resulting in significant
shifts toward an L. crispatus dominant CST and in increase in the

Fig. 4 | Growth curves ofLactobacillus crispatus, Streptococccus agalactiae, and
Escherichia coli over 30h in the presence ofmedia alone (yellow) or increasing
concentration of Copper (Cu2+) ions. Data represent triplicates of each sample at

each Cu2+ dilution and are represented as the arithmeticmean (point) and standard
error (vertical line). Experiments were performed three times.

Table 2 | Counts and percentages of cases and controls by
vaginal community state type

CST I-B III-A IV-A IV-B IV-D

Case, n (%) 0 (0%) 9 (39%) 2 (9%) 1 (4%) 11 (48%)

Control, n (%) 10 (11%) 33 (35%) 17 (18%) 9 (9%) 26 (27%)
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concentration of L. iners. Although our understanding of the role of L.
iners in the vaginal ecosystem is evolving, L. crispatus has been pre-
viously linked to many beneficial outcomes in the FGT such as
impeding the growth of inflammatory bacteria and pathogens16, and
reduced vaginal inflammation and protection against STIs15.Thus,
these results illustrate the need for considering the microbiological
consequences of contraceptive options, due to their significant effects
on reproductive health.

In light of the negative effect of Cu-IUD use on the relative
abundance and prevalence of various lactobacilli, we sought to
elucidate if this effect was mediated by Cu2+ ions released from the
IUD or due to other factors (e.g. mechanical or inflammatory).
Previous work has demonstrated bactericidal properties of both
metallic46–48 and ionic49,50 copper, with its lethality thought to be
due to the generation of oxidative stress51, and disruption of protein
folding52, among other factors. Martin and Suarez found that L.
jensenii growth was inhibited by CuSO4 in vitro53, though at con-
centrations that have not been previously reported in the vaginal
environment. We chose to evaluate the effect of Cu2+ on L. crispatus
since we found a reduction in the prevalence of the L. crispatus
dominated CST (I-B) among participants using Cu-IUD and due to its

known benefits in the FGT15 Our data suggested that although Cu2+

concentrations of 9e−4 g/mL were fully inhibitory for all bacteria
tested, only L. crispatus growth was substantially inhibited at con-
centrations as low as 9e−10 g/mL. While the concentration of Cu2+ in
the vagina during Cu-IUD use is unclear, Arancibia et al. found that
uterine washings frompatients using the T-380A Cu-IUD (the device
used in the ECHO Trial and this substudy) contained 1.1e−5 g/mL of
total copper across the first year of use43. Thus, our data span
physiologically relevant ranges and demonstrate that even con-
centrations which are several orders of magnitude below those
found in uterine washings yield substantial inhibition of L. crispatus
growth, which may account for its decreased abundance and
increased incidence of Lactobacillus-deficient states in Cu-IUD
users. At the same time, we also appreciate that L. crispatus was
the only facultative anaerobe used in these experiments and all
bacteria were grown under aerobic conditions, which may have
selectively increased stress on L. crispatus. However, the robust and
substantial growth of L. crispatuswithout Cu2+ present, and the clear
dose-dependent response exhibited suggest that these effects were
associated with Cu2+ concentrations, as opposed to poor growth or
excess stress associated with aerobic conditions.

Fig. 5 | Integrative analysis of bacterial taxa and cytokines differentiating cases
(n = 22) from matched controls (n = 94) in the substudy. a Boxplots displaying
the distribution of scores along the fourth sparse principal component (SPC4),
which was distinct for cases (n = 20) and controls (n = 93). b Loadings scores for
SPC4, which segregates cases from controls. Bars are colored according to which
group had higher median scores for SPC4. c The distribution of SPC4 scores

grouped by contraceptive arm Cu-IUD (n = 29); DMPA-IM (n = 38); LNG implant
(n = 46). d The distribution of SPC4 scores grouped by CST (n = 113 participants).
Boxplots display the first and third quartiles and the median value. Two-tailed P
values were calculated with a Wilcoxon Rank Sum test and corrected using the
method of Benjamini and Hochberg. Bacterial and cytokine absolute concentra-
tions were log2 transformed and mean-centered prior to analysis.
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We employed an integrative approach to identify microbial and
immunological differences between HIV cases and controls, finding
that the absolute abundance of L. crispatus was the most distinct fac-
tor, with a marked lower abundance in cases relative to controls.
Furthermore, CST I-B, whose abundance was primarily comprised of L.
crispatus, was the only CST from which no participants seroconverted
(though representation in the trial was also the lowest). This is in line
with previous work detailing reduced inflammation and HIV acquisi-
tion risk associated with L. crispatus dominated communities15. Sparse
Principal Component analysis also identified MIP-1α, IP-10, IL-1β, and
IL-6 as differential between cases and controls, similar to our previous
report from CAPRISA00432. We note that in addition to case samples,
participants randomized to Cu-IUD and those displaying CST IV-D also
had negative values along the fourth sparse principal component,
arguing that each of these groups shared similar concentrations of the
bacteria and cytokines that were associated with later seroconversion.
Given the small sample size of cases in this substudy of the ECHOTrial,
these findings should be evaluated across other cohorts.

The implications of our findings regarding highly effective and
available contraceptives provide key insights into shifts in the vaginal
environment that may follow contraceptive initiation. However,
limitations of the study include the duration of longitudinal data,
small sample sizes of some CST groups, and the lack of a control/
placebo arm in the Trial. While we appreciate the ethical constraints
of offering a placebo to participants seeking safe and effective con-
traception, we also appreciate the limitation that this places on our
ability to assess the effect of these contraceptive options. However,
despite the lack of a true control group, we feel that the randomized
nature of the trial and the inclusion of pre-post analyses have enabled
our results to have some generalizability and offer valuable insights.
In a move to expand the contraceptives available to women in set-
tings with a high unmet need for contraception, use of a Cu-IUD has
many benefits including long-term efficacy (up to 5 years), a non-
hormonal mechanism of action, and typically does not require reg-
ular clinical visits. However, our randomized data confirm the
observations of others54 that suggest that Cu-IUDmay disrupt vaginal
health and may put users at risk for vaginal dysbiosis and down-
stream sequelae. Initiation of Cu-IUD use has been previously asso-
ciated with increased colonization by non-optimal bacteria in
observational studies4, and our results add novelty by suggesting
community-level and inflammatory marker shifts also occur, in
addition to increases in total bacterial load. If nothing else, the
results from our in vitro experiments demonstrating the significant
inhibition of L. crispatus growth carries potentially serious implica-
tions for its effect on reproductive health. Both vaginal dysbioses15

and genital inflammation32 may have important consequences for
women with frequent exposure to STIs and other pathogens,
including HIV. Further, bacterial vaginosis can have a large impact on
women’s quality of life and sexual frequency55. Why incidence was
not significantly different between arms in the ECHO Trial, despite
the clear differences in vaginal microbiota and inflammatory chan-
ges, is unclear. It is also possible that these changes were simply not
large or persistent enough to impact HIV risk, or that our sample was
not representative of the full ECHO cohort. None-the-less, contra-
ceptives that induce these kinds of shifts have implications beyond
HIV risk. Thus, it is imperative that we understand the myriad effects
of contraceptive methods when considering expansion of contra-
ceptive options accessible in global health settings.

Methods
Study approval
The protocol was approved by the Human Research Ethics Committee
of the University of Washington (STUDY00000261), Kenya Medical
Research Institute Scientific and Ethics Review Unit (SERU/CMR/
P0014/3109), University of Witwatersrand Human Research Ethics

Committee (HREC PRC 141112), University of Cape Town Human
Research Ethics Committee (HREC 371/2015), and FHI360 (523201).
Women provided written informed consent and remuneration of
participants was done in accordance with the requirements of local
ethics committees to provide fair compensation without inducement.

Study cohort
The ECHO Trial (clinicaltrials.gov identifier: NCT02550067) compared
the relative HIV-1 incidence among women randomized to Cu-IUD,
LNG implant, or DMPA-IM as the primary outcome. This nested
mucosal sub-study aimed to evaluate the impact of these contra-
ceptives on genital tract microbiota and immunity. The primary end-
points for this mucosal substudy were changes in Th17 cell frequency,
microbial diversity and vaginal cytokine concentrations induced by
hormonal contraceptive initiation. Secondary outcomes were changes
associatedwith later HIV seroconversion. Eligibility and randomization
procedure for the parent trial is described in detail elsewhere21, but
importantly included women seeking effective contraception and
being in the age range of 16–35 years.Notably, all participants reported
no contraceptive use during the 6 months preceding enrollment and
initiated the assigned contraceptive after the enrollment samples were
collected. In this sub-study, which included three of the ECHO Trial
sites (CapeTown and Johannesburg, SouthAfrica, andKisumu, Kenya),
we consecutively enrolled all eligible women concurrent to their
enrollment in the primary trial, or thereafter if already enrolled (only at
Kisumu and Cape Town sites). From those who enrolled in this
mucosal sub-study, sample size calculations indicated that 20 partici-
pants per randomized arm per site with complete sample sets at all
three timepoints were needed, and thus we randomly selected women
who met this criterion at the Johannesburg, South Africa and Kisumu,
Kenya sites. However, at the Cape Town, South Africa site, cervical
cytobrushes from 80 consecutively enrolled women were processed
for phenotyping ex vivo at enrollment and 1month post-contraception
initiation for a separate study56, and we elected to include all of these
participants, rather than a random subset. In addition, participants
that were included in the secondary (case-control) analysis but also
had samples available at enrollment, 1 month, and 6 months, were
added to the pre-post analysis group if not already included. The
complete randomized sample counts and sample counts passing QC
for the pre-post analysis are available in Table S3A. For the case-control
analysis, only the visit immediately preceding seroconversion (all of
which were after contraception initiation) was used in bacterial com-
munity analyses. Age and site matched controls were chosen from
visits preceding when the matched case tested positive during the
study (Table S3B). Controls were randomly selected at a ratio of 4
controls to 1 case, matched on study site, visit, and age. Although the
Trial was not blinded, all laboratory personnel receiving, processing,
and assaying the samples were blinded, and unblinding only occurred
at the time of statistical analysis, after a statistical analysis concept
sheet had already been formulated with blinded data. Samples that
were included in both analyses due to the availability of samples for all
visits for the primary (pre-post) analysis and which were also included
in the secondary (case-control) analysis are listed in Table S3C.

Sample collection. For cytokine analysis, women had a disposable
menstrual cup inserted for approximately 45min. Clinicians removed
themenstrual cup prior to speculum insertion and immediately placed
the cup into a 50-mL sterile Falcon tube, at 4 °C for transport to the
laboratory within 4 h of collection. At the laboratory, cervicovaginal
secretions collected in the menstrual cups were processed and
extracted as previously described57, and diluted 4:1 in sterile
phosphate-buffered saline (PBS) and stored at −80 °C. For genomic
DNA (gDNA) extraction, a speculum was inserted and vaginal swabs
were collected from the lateral vaginalwall.One swabwas placed into a
sterile vial with Digene® transport media and stored at −80 °C until
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gDNAextraction and another swabwas rolled onto a slide and fixed for
Nugent scoring. An endocervical swab was used for STI testing.

Clinical diagnostics
At enrollment, endocervical swabs were screened for Chlamydia tra-
chomatis (CT) and Neisseria gonorrhea (NG). For CT/NG testing, Gen-
eXpert Instrument Systems platform (Cepheid Inc., USA) with the
Abbott Real Time PCR assay (Abbott Molecular, USA) were used at
South African sites while the Panther System (Hologic Inc., USA) was
used at the Kenyan site. Treatment was provided for curable STIs
diagnosed syndromically, according to national guidelines, or for CT/
NG diagnosed etiologically at enrollment. HSV-2 serology was per-
formed using HerpeSelect ELISA (Focus Diagnostics, USA) at enroll-
ment, and confirmatory testing was performed via Western Blot at the
UW. BV was assessed using Nugent scoring criteria58 at the National
Institute for Communicable Diseases. Nugent scores 7–10 were con-
sidered BV + while scores 4–6 were considered intermediate BV, and
scores 0–3 considered BV−. Only symptomatic BV was treated as per
national guidelines.

Nucleic acid extraction and 16S rRNA gene amplification and
sequencing
Prior to nucleic acid extraction, lateral vaginal wall swabs were thawed
on ice and shaken at 100RPM for 3min tomix transportmedia/sample
suspension. In nearly all cases, gDNA was extracted from 250 µL of
Digene solution. However, where therewas insufficient volume, 550 µL
of sterile PBS was added to the swab in the vial, which was shaken for
another three minutes at 100RPM, and gDNA was extracted from
250 µL of shaken PBS. Bacterial gDNA was extracted using the DNeasy
Powersoil HTP 96 kit (Qiagen) following the manufacturer’s protocol.
Positive controlDNAwasextractedon eachplate frompure cultures of
E. coliDH10B59 alongside sample DNA for cross contamination filtering
and error ratemodeling. DNAwas amplified using primers designed to
span the V3-V4 region of the 16S rRNA gene, following the amplifica-
tion protocol outlined in Gohl et al.60 except using 319F/806R primers
(Table S1). Amplicon libraries were purified using AMPure® XP beads
(Beckman Coulter), pooled in equal mass quantities, and quantitated
via qPCR using the NEBNext® Library Quant Kit for Illumina (New
England BioLabs). Paired-end sequencing was performed on an Illu-
minaMiseq platformusing V3 600 cycle kits as previously described61.

Cytokine analysis
The concentrations of 27 cytokines were measured by Luminex in
cervicovaginal exudates using the Bio-Plex Pro Human 27-plex cyto-
kine assay (Bio-Rad). These included interleukin (IL)-1RA, IL-1β, IL-2, -4,
-5, -6, -7, -8, -9, -10, -12(p70), -13, -15, -17, interferon (IFN)-γ, tumor
necrosis factor (TNF)-α, Eotaxin, Granulocyte-macrophage colony-sti-
mulating factor (GM-CSF), Granulocyte colony-stimulating factor (G-
CSF), platelet-derived growth factor (PDGF)-BB, fibroblast growth
factor-basic (FGF-basic), vascular endothelial GF (VEGF), IFN-γ-
inducible-protein (IP)-10, macrophage chemotactic protein (MCP)-1,
Regulated on Activation normal T cell expressed and activated
(RANTES), macrophage inflammatory protein (MIP)-1α, and MIP-1β.
Data were collected using Bio-plex manager software version 4 (Bio-
Rad). A 5 Parameter Logistic (5 PL) regression formula was used to
calculate sample concentrations from the standard curves. If the
concentration of a cytokine fell outside of the limits of detection for a
given sample, then that value was not used in statistical analysis. If any
cytokine was undetectable in >40% of samples assayed, it was exclu-
ded from analyses beyond its initial description. Specimens from five
participants were included across all plates (inter-plate controls). In
addition, samples from five participants were duplicated on each set of
plates (intra-plate controls) for quality control measures. Spearman’s
rank test was used to measure intra-assay and inter-assay correlation
coefficients to determine assay reliability and reproducibility.

Cytokines were excluded from this analysis if the inter-assay correla-
tion <0.8 (which included IL-12(p70)).

Data analysis
Primer trimming was performed with cutadapt (1.16)62. Trimmed
sequence data processing, classification, and amplicon sequence var-
iant (ASVs) calling were performed using the DADA2 package (1.12.1)63

within theR framework (3.6.1). ASVswere taxonomically classifiedusing
the Ribosomal Database Project’s (RDP) Naïve Bayesian classifier64.
Sequence classification was trained against an updated version of the
Silva training set version 13865, available at https://github.com/
itsmisterbrown/updated_16S_dbs. Run-specific contamination filtering
was performed using microfiltR (https://zenodo.org/badge/latestdoi/
139792189), and samples with less than 5,000 filtered, annotated reads
were discarded. Briefly, taxa represented by less than 0.01% of the total
reads for a given sample were removed from that sample on a per-
sample basis, and taxa that were present in less than 2.5% of samples or
less than 0.015% of total reads across a sequencing run were discarded.
For differential abundance testing, we further required that included
ASVs were present in at least 15% of samples. Sequencing runs were
merged using custom scripts available at https://zenodo.org/badge/
latestdoi/200930263. The phyloseq (1.38.0)66 and vegan (2.5–7)67

packages were used for ecological analyses of bacterial communities.
Inter-community distance was assessed using Bray-Curtis distance of
relative abundance transformed abundance estimates or Euclidean
distance of centered log ratio (CLR) transformed abundance estimates,
as indicated. PERMANOVAwas used to assess the significance of sample
groupings by comparing a specified within-group centroid to the
between-group centroid within the defined decomposed space (Bray-
Curtis or Euclidean) using 1000 permutations. Partitioning around
medoids (PAM) clustering was implemented using the cluster package
(2.1.2)68 and the number of clusters was selected using the gap
statistic69. DESeq2 (1.34.0)70 and ANCOM-BC (1.4.0)71 were used to cal-
culate the fold change in normalizedASV abundance across timepoints.
All statistical models used in differential abundance testing in the pri-
mary (pre-post) analysis incorporated the effect of individual variation
at baseline as a covariate, which also included the nested effect of study
site, due to its significant effect on inter-community distance. Rando-
mized contraceptive arm and study site were included as covariates in
the secondary (case/control) analysis of bacterial differential abun-
dance. For all differential abundance testing, the poscounts estimator
was used in DESeq2models and the ashr shrinkage estimator (2.2–54)72

was used if models did not converge using the default approach. P-
values from differential abundance testing via these approaches were
adjusted using the method of Benjamini and Hochberg41. Bayesian
directed acyclic graphs (DAGs) were generated on CLR transformed73

bacterial abundance using the PC algorithm74. For the integrative ana-
lyses, bacterial inferred absolute concentrations were used for con-
sistency with the measured absolute concentrations of cytokines. Both
datasets were log2 transformed and mean-centered prior to sparse
principal component analysis.

Statistics. Alpha diversity estimates and cytokine concentrations were
log-transformedprior tomodelfitting. Forparameter estimation, error
estimation, andmodel validation, the datasetwas randomly andevenly
partitioned into training and validation subsets. Statistical models
were fit against the training subset and prediction accuracy (mean
absolute error) was evaluated against the validation subset. Effect sizes
were estimated from logistic regression models implemented as gen-
eralized linearmodels in R. Statistical tests used include permutational
MANOVA (permanova) for comparisons amongmultiple (>2) groups in
the beta-diversity analysis, ANCOVAmodels were used to evaluate the
effect of contraceptive option on alpha diversity and Nugent scores
while controlling for enrollment values, and Student’s t tests or Wil-
coxonRank Sum tests for comparisons among two groups.McNemar’s
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and chi-squared tests were used for assessing data in contingency
tables. Regardless of the test used, significance was evaluated using an
α value cutoff of 0.05. P-value adjustment for multiple comparisons
was performed according to Benjamini and Yekutieli42, unless other-
wise noted.Whenparametric testswereused, assumptions concerning
the homogeneity of variances (Bartlett) and normality of data dis-
tribution (Shapiro) were evaluated with the appropriate test. Boxplots
display the median and interquartile range.

Bacterial growth curves. Growth curves were generated for Lacto-
bacillus crispatus (MV-1A-US, BEI Resources), Streptococcus agalactiae
(GBS; COH1)75, and Escherichia coli (DH10B, Thermo Fisher Scientific).
L. crispatuswas obtained through BEI Resources, NIAID, NIH as part of
the HumanMicrobiome Project: Lactobacillus crispatus, Strain MV-1A-
US, HM-637. GBS COH1 was donated by Laksmi Rajagopal at Seattle
Children’s Research Institute. Cultureswere started from stocks frozen
at −80 °C by transferring to agarose plates (MRS for L. crispatus, TSA
for GBS, TSA for E. coli) and incubating overnight at 37 °C. Single
colonies fromeachplatewere transferred to liquid cultures (MRS for L.
crispatus, TSB for GBS, LB for E. coli) and incubated overnight at 37 °C
for L. crispatus and E. coli and 30 °C for GBS. All cultures were grown
aerobically. Dilutions of Copper chloride (Sigma) solution corre-
sponding to concentrations of Cu2+ from 9e−4 to 9e−10 g/mL were pre-
pared as previously described49. The optical density (OD600) of each
bacterial culture was measured after overnight incubation and each
suspension was diluted to OD600 0.1. Diluted bacterial suspensions
were mixed with the appropriate culture media and copper chloride
dilution to achieve the designated concentrations for growth mea-
surements in a total of 200 µL in each well of a 96-well plate. Bacterial
growth was assayed across three independent culture wells for each
bacterial taxa at each copper concentration (biological triplicates).
Each experiment was repeated twice from fresh cultures.

Quantification of total bacterial abundance and taxon-specific
inferred concentrations by qPCR
Total bacterial abundance (16S rRNA copies/µL) and the inferred
concentrations of specific bacterial taxa (16S rRNA copies/µL) were
performed as previously described76. Standards from 1e7 to 10 copies
and a no-template control were run in triplicate across all plates.
Samples, primers, and probes were used with SsoAdvanced Universal
Probes Supermix (Bio-Rad) or Platinum Quantitative PCR SuperMix-
UDGw/ROX (Invitrogen) kits and run on a StepOnePlus Real-Time PCR
System (Applied Biosystems). All samples were assayed in duplicate
and were discarded if the Ct standard deviation was flagged as high or
theCt valueswere outsideof the standard curve. Four samples had less
than 100 total 16S rRNA copies and were not used in downstream
analyses. Inferred concentrations of individual bacterial taxa were
determined using Eq. 1:

ICx =RAbx ×Abtotal ð1Þ

Where ICx is the inferred concentration of taxon x, RAbx is the relative
abundance of taxon x, and Abtotal is the total bacterial abundance.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The processed 16S count data and cytokine data generated in this
study have been deposited in the Dryad database under accession
code https://doi.org/10.5061/dryad.3n5tb2rmv. The raw nucleotide
sequence data have been deposited in the National Center for Bio-
technology Information Sequence Read Archive under accession
PRJNA918342.

Code availability
All custom functions and the R code necessary to reproduce the ana-
lyses performed here are available at https://zenodo.org/badge/
latestdoi/242246946.
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