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Anti-retroviral therapy (ART) effectively suppresses viral replication in HIV-infected patients, however
CD4 + cell restoration to normal value is not achieved by 15–20% of patients who are called immune
non-responders. Gut microbiota composition has been shown to influence host immunity. Herein, to
identify intestinal microbial agents that may influence the CD4 recovery in HIV-infected patients, we uti-
lized a ‘‘Quasi-paired cohort” method to analyze intestinal metagenome data from immunological
responders (IRs) and immunological non-responders (INRs). This method identified significant enrich-
ment for Streptococcus sp. and related lactate-producing bacteria (LAB) in IRs. In a validation cohort, pos-
itive correlations between the abundance of these LAB and the post-ART CD4 + recovery was observed,
and a prediction model based on these LAB performed well in predicting immune recovery. Finally,
experiments using a germ-free mouse model of antibody-induced CD4 + cell depletion showed that sup-
plementation with a lactate-producing commensal Streptococcus thermophilus strongly promoted CD4
recovery. In conclusion, our study identified a group of LAB that was associated with enhanced immune
recovery in post-ART HIV-infected patients and promotes CD4 + cell restoration in a mouse model. These
findings favour supplementation of LAB commensal as a therapeutic strategy for CD4 + cell count
improvement in HIV-infected patients.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The initiation of anti-retroviral treatment (ART) can effec-
tively suppress viral replication in HIV-infected patients and
restore the CD4 + cell counts to normal value (>500/mm3) in
the majority of patients, and define them as immunological
responders (IRs) [1]. However, even after years of ART,
CD4 + cell counts remain below 500/mm3 in 15–20% of patients
who are called immunological non-responders (INRs) [2]. In
INRs, CD4 + cell count is not influenced by switching or intensi-
fying the ART-regimen. Factors associated with low CD4 recovery
include late initiation of ART, nadir CD4 cell count, pre-
treatment viral load, older age, and markers of inflammation
[3,4]. The inflammatory conditions are characterized as increased
CD8 + T cell count [5], low CD4/CD8 ratio (<1), elevated plasma
IL-6, CRP, which indicates a higher risk for development of non-
AIDs morbidity and mortality [6].
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Recently, gut microbial composition is emerging as a new factor
associated with inflammation and CD4 recovery in HIV infection
[7]. Gut dysbiosis, namely dysregulation of intestinal microbiota,
and increased gut permeability lead to enhanced systemic inflam-
mation and are commonly seen in chronic conditions such as obe-
sity and aging [8,9]. In HIV-infected patients, gut-associated
lymphoid tissue is the major site where HIV depletes CD4 + cells
[10], and several lines of evidence suggest the depletion of gut
CD4 + T cells is associated with gut dysbiosis [11–13], microbial
translocation and systemic inflammation [14,15]. In contrast to
optimal viral control with ART, gut dysbiosis and systemic inflam-
mation persist especially in INRs, increasing their risk of develop-
ing inflammatory non-AIDS comorbidities such as cardiovascular
disease, diabetes mellitus, liver steatosis and cancer [16]. Thus,
an emerging research priority is to discover strategies to rectify
the gut dysbiosis for treatment of HIV-infected patients in addition
to ART. However, which components of the intestinal microbiota
and how they influence the immune homeostasis are not fully
understood.

Here, we first compared the shotgun-sequenced intestinal
metagenome data of IR and INR patients on two-year of ART from
our previous study [17] and identified a group of lactic acid bacte-
ria (LAB) significantly enriched in the IR samples from the dataset.
Then the role of these lactate-producers in CD4 + cell restoration
was further confirmed by the metagenome data of a validation
cohort in which treatment-naïve HIV-infected patients were
recruited and followed-up after 12 months on ART. Finally, an ani-
mal model of CD4 + cell depletion was developed by infused anti-
CD4 antibody in germ-free mice, and supplementary Streptococcus
thermophilus, a LAB commensal species, was able to promote
CD4 + cell recovery, especially for naïve CD4 + cells. These findings
suggest a previously unidentified potential of a group of LAB taxa
in promoting immune recovery.
2. Results

2.1. A group of lactate-producing taxa correlated with favourable CD4
recovery

To identify species among gut microbiota composition that can
influence a post-ART CD4 recovery in HIV-infected patients, we re-
analysed the metagenomic data obtained in our previous study
[17] for IR and INR groups. In brief, IR (immunological responder)
and INR (immunological non-responder) were defined as HIV-
patients whose CD4 + T cell count > 350/mm3 and < 350/mm3 after
at least two years of ART, respectively. For the samples collected,
i.e., after two years of ART, we found no significant differences in
the alpha-diversity (i.e., Shannon and richness indexes) between
the IR and INR groups (Fig. S1a-d), and the principal coordinate
analysis (PCoA) did not effectively separate IR and INR patients
(Fig. S1e). Given the many confounding factors which greatly ele-
vate the inter-individual metagenomic diversity and prevent the
identification of causative species or metabolic features from
metagenomic data [18,19], we then utilized our newly-developed
analytical method – ‘‘quasi-paired cohort” which is powerful in
control of inter-individual diversity and successful in identifying
causative microbiome features of autism [20] (Fig. 1a, refer to
Methods and Fig. S2 for detail).

Using this method, we reconstituted a quasi-cohort of 64
pairs of IR and INR microbiota from our published metagenomic
datasets (Table S1) [17] and identified 33 and 25 intestinal
species enriched in the IR and INR groups, respectively
(Wilcoxon signed rank test for paired samples, p < 0.005,
Fig. 1b, Table S2). Out of these species, 22/33 species of IR group
and 10/25 species of INR group respectively exhibit positive and
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negative correlations with the CD4/CD8 ratio, the informative
prognostic marker for immune recovery (Fig. 2a). Notably, 6
out of the 22 IR-associated species were lactic acid bacteria
(LAB), including Streptococcus infantis, Granulicatella unclassified,
Lactococcus garvieae, Lactobacillus sanfranciscensis, Leuconostoc
lactis, and Gemella unclassified, whereas none LAB species were
found in the INR-associated species (Fig. 2a). These LAB taxa,
most of which belong to Order Lactobacillales, share the com-
mon ability to produce lactate and often exhibit morphological
and physiological similarities.

Next, we investigated specific contributions by each of the 32
outcome-associated taxa to the counts of a variety of T cell subsets,
a metric that can be used to assess HIV status or prognosis. For con-
text, the count of CD4 + cells, and its subsets including CD4 + CD28
+(functional subsets), naïve CD4+ (CD4 + CD45RA + ), homing naïve
CD4+ (CD4 + CD45RA + CD62L + ), and memory CD4 + cells (CD4 +
CD45RO + ), are used clinically for positive prognoses of post-ART
immune restoration; whereas the count of CD8 + cells, and its sub-
sets consisting of CD8 + CD38 + and CD8 + DR + cells, are markers of
activated inflammation and poor prognosis. Specifically, the
CD4/CD8 ratio can be a highly informative and reliable marker
for prognosis prediction [21–23].

Using Spearman’s correlation coefficient (rho), we found that
the 22 IR-associated species were positively correlated with
CD4 + cell counts and other positive prognosis predictors at the
end of two-year ART, whereas these species were often negatively
correlated with CD8 + cell count and other negative prognosis
predictors (Fig. 2a). In contrast, the ten INR-associated species
showed inverse correlations to these prognostic markers, though
not as strong as those enriched in IR groups (Fig. 2a). In particu-
lar, two LAB species, Streptococcus infantis and Gemella unclassi-
fied, showed the strongest correlations (rho value > 0.6) with
the CD4/CD8 ratio; together, these species exhibited the most
pronounced positive relationships with CD4 + cell counts and
all other positive indicators including CD4 + CD28+, naïve CD4+,
homing naïve CD4+, and memory CD4 + cells, whereas a negative
correlation to CD8 + cell counts (Fig. 2a). Thus, the high propor-
tion of LAB in IR-associated species and the strongest correlations
to prognostic markers they exhibit suggest a role of lactate-
producing bacteria in promoting immune recovery among post-
ART patients.

To further compare the potential of intestinal lactate produc-
tion between IR and INR groups, we quantified the abundance
of the key enzymes from canonical lactate-producing pathways
in their microbiota. Lactate dehydrogenases (LDH) is the key
enzyme that transforms pyruvate to lactate in anaerobic glycoly-
sis, and its two forms, L-LDH and D-LDH produce L- and D-lactate,
respectively. We used annotations from the analytical tool of
HUMAnN2 [24] to calculate the abundance of metabolic pathways
and enzymes in metagenome data, and we found that the abun-
dance of D-LDH (EC1.1.1.28), as read count per million reads
(CPM), was significantly elevated in the IR group, in contrast to
L-LDH (EC1.1.1.27) which showed no difference between groups
(Wilcoxon rank sum test, p < 0.05, Fig. 2b). Furthermore, the
‘‘mixed acid fermentation” pathway which only generates lactate
via D-LDH (EC1.1.1.28) was significantly enriched in the IR
patients when compared to INR in the quasi-paired cohort (Wil-
coxon signed rank test, p < 0.001, Fig. 2c). As D-LDH is rather
specific for microbes [25] and essentially unidirectional in produc-
ing lactate in contrast to L-LDH that catalyze the reverse reaction
to pyruvate more efficiently [26], only the abundance of D-LDH is
considered as an indicator for the microbial lactate production in
the gut. The elevated abundance of D-LDH and related pathway
supports the enrichment for lactate-producing bacteria observed
in the IR microbiota samples and implies an increased local micro-
bial lactate production.



Fig. 1. The principle of ‘‘quasi-paired cohort”. a. The scheme of the method ‘‘quasi-paired cohort” that ‘‘paired” patients of similar metagenomic profile. b. Representative
species enriched in IR and INR groups identified with the ‘‘quasi-paired cohort” approach. Wilcoxon Signed-Rank test, *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Fig. 2. Enrichment of lactate-producing bacteria and lactate-dehydrogenase in IR group. a. Heat map of species enriched in IR and INR groups and their correlations to
prognostic immunological markers. Colors indicate the q value of Spearman’s coefficient, and asterisk (*) denotes strong correlations of q � 0.4 or q � -0.4. Species
highlighted with a purple background are typical lactic acid bacteria (LAB). Positive prognostic markers include CD4TC (TC, short for T cell count), CD4CD28TC, MCD4TC
(Memory CD4 + T cell), HNCD4TC (Homing naïve CD4 + T cell), NCD4TC (Naive CD4 + T cell), and the most informative marker of CD4/CD8 (the ratio of CD4 + T cell count to
CD8 + T cell count). Negative prognostic markers include CD8TC, CD8CD38TC, , CD8DRTC (CD8 + DR + T cell). b. Comparison of the abundance of D-LDH and L-LDH in the
microbiota of IR and INR patients. LDH, lactate-dehydrogenase; CMP, read count per million reads. c. The relative abundance of the pathway ‘‘mixed acid fermentation” in the
microbiota of IR and INR patients. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

W. Lyu, Q. Meng, J. Xiao et al. Computational and Structural Biotechnology Journal 19 (2021) 2928–2937
2.2. The abundance of the IR-associated LAB performs well in
predicting the post-ART CD4 recovery

To further validate the role of the LAB clusters in immune recov-
ery, we recruited a validation cohort of 26 treatment-naïve HIV-
infected patients for longitudinal observation over one-year after
ART initiation. T cell subsets and viral load were monitored
(Table S3), and faecal samples before and after ART were collected
to perform shotgun-sequencing of metagenome. Several weeks
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after the initiation of ART, all the patients achieved complete viral
suppression, and CD4 + cell count of 16/26 patients reached
350/mm3 at the end of one-year of ART. However, the alpha- and
beta-diversity of their stool samples did not change after ART,
except for a mild decrease in richness (the number of species)
was observed (Fig. S3). Then each species we identified in the first
cohort was tested for correlations to the growth of post-ART
CD4 + cell count (indicated as the ratio of After/Before), but none
reached a strong correlation.
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It is known that interacting species in microbiota are organized
into functional groups and confer metabolic functions as a whole
[27,28]. Therefore, we established co-abundance associations for
all the species present in all samples and found nine co-
abundance clusters in which species exhibit strict co-variance
(rho > 0.8, Table S4). Interestingly, both the top two largest clusters
(Cluster I & II) contained a large proportion of the LAB (Fig. 3a).
Specifically, in Cluster I, 9/13 species were LAB, while in Cluster
II, 4/5 species were LAB, primarily consisting of Streptococcus
spp., Gemella spp., and Granulicatella spp., which are also identified
as IR-associated species in the first cohort. The total abundance of
Cluster I and Cluster II species was much higher in IR than in INR
patients, and especially so for Cluster II, which reached statistical
significance (Fig. 3b). Furthermore, the total abundances of the
two clusters also exhibited positive correlations to CD4 + T cell
counts and other CD4 + T cell subsets similarly to those
IR-associated species (Fig. S4), which implies that the two LAB
clusters may function as a whole to contribute to the immune
recovery.

When further tested with the validation cohort, the total abun-
dance of species in Clusters I and II (average of Before and After
samples) strongly correlated to the growth rate (after/before ratio)
of CD4 + cell count and that naïve CD4 + and CD4 + CD28 + cells on
ART (Fig. 3c), while the abundance of other clusters did not show
strong correlations to the post-ART change of CD4 + cell and its
subsets (Table S5). This result suggests a dependence of post-ART
immune recovery on the abundance of the species in the two
LAB clusters. However, the abundance of the species in the two
clusters, show little correlations with the change of CD8 + cell
count after ART as well as that of its subsets (Fig. S5). We further
tested the correlation between the initial abundance of the LAB
clusters before ART and changes of T cell subsets after ART, and
found them less strong than those of averaged abundance (Fig. S5).

All the patients in this cohort obtained a favourable recovery of
CD4 count back to > 200/mm3 after the one-year ART, and we
found that patients of pre-ART CD4 count < 200/mm3 and CD4/CD8
ratio < 0.5 often achieved a higher After/Before ratio of CD4 count.
Notably, the abundance of both clusters of LAB were higher in
these patients and possibly predicted their favourable prognosis
(Fig. S6). Comparison between Before and After-ART samples
showed that the abundance of the two LAB clusters significantly
decreased after ART (Fig. 3d). Meanwhile, six out of the nineteen
species whose relative abundance significantly decreased after
ART were LAB, including Bifidobacterium longum, Granulicatella
unclassified, and four species of Streptococcus spp. (Fig. S7), indicat-
ing that ART medicines are unfavorable for intestinal LAB species.

As the abundance of the two LAB clusters exhibited strong cor-
relations to post-ART CD4 + cell restoration, we further evaluate
their predictive value by constructing a random forest classifier
with their abundance. The model was first trained and tested to
discriminate IR and INR samples in the first cohort, and evaluated
with ROC curve analysis. The area under curve (AUC) achieved 81%
with 1000 bootstraps which indicated that the abundance of the
species in the two LAB clusters accurately described the deviations
between IR and INR (Fig. 4a). Interestingly, the species of Granuli-
catella unclassified, Streptococcus infantis, and Gemella unclassified
which have also been identified as IR-associated species are among
the top five species that contribute most to the model (Fig. 4b).
Next, the model was used to predict the post-ART outcome for
the validation cohort. The classifier score of each subject inferred
from the model indicates the possibility of a sample to be correctly
classified as IR samples in contrast to INR sample. This score, which
we named as immune promotion score, could be regarded as a
comprehensive indicator to represent the promoting effects con-
ferred by the species in the two LAB clusters. According to the
immune promotion score, patients were divided into quartiles,
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and a conspicuous trend of higher CD4 + cell growth can be
observed in quartiles of higher scores (Fig. 4c), which further con-
firms the prognostic value of these LAB species in predicting
immune recovery.

2.3. Streptococcus thermophilus promotes CD4 + cell recovery in a
mouse model

To confirm the effects of LAB on CD4 recovery, we developed a
mouse model of transient CD4 + lymphopenia by injecting
intraperitoneal an anti-CD4 antibody as previously described
[29]. Germ-free C57BL/6 mice were used in the experiment, and
the effects of intestinal LAB on immune recovery were investigated
by intragastric gavage of bacteria before CD4 + depletion and
observed for 30 days. As Streptococcus species exhibited the stron-
gest associations to favourable prognosis, we selected Streptococcus
thermophiles (ST, n = 4), a common fermentation species in yogurt,
as a representative to validate the effects of LAB and compared to
Eubacterium bakeri (EB, n = 4), a butyrate-producing commensal.
Negative controls (Ctrl, n = 4) of CD4 + cell depletion but no treat-
ment and mock controls (Mock, n = 4) without CD4 + cell depletion
or any other treatment were investigated in parallel (Fig. 5a). Mice
administrated with bacteria showed no signs of illness or infection.
The depletion of CD4 + cells in all experimental groups was con-
firmed by flow cytometry three days after the injection of antibody,
and 16 s rDNA amplification and sequencing of faecal samples
confirmed the inoculation of both species and showed no signs of
contamination of other species three weeks after bacterial gavage.
The faecal concentration of lactic acid was a little but not
significantly elevated in ST mice than in EB mice (averagely
6.5 mM/g vs. 4.6 mM/g), whereas not detected in control groups.

When sacrificed four weeks after CD4 + cell depletion, both
groups of bacterial inoculation showed higher recovery than the
negative control mice, showing increased CD4 + cell (%), naïve
CD4 + cell (%) in CD4 + cells, as well as decreased CD8 + cell (%)
in blood (Fig. 5b,5c). This result implies that both species promote
the recovery of CD4 + cells while consequently decrease the pro-
portion of CD8 + cells. Specifically, the effect of lactate-producing
S. thermophiles on CD4 + recovery was much stronger than E. bakeri
that the proportions of T cell subsets in ST group were almost the
levels of mock group (Fig. 5b), indicating a superior effect than that
of butyrate-producing E. bakeri on CD4 + restoration. Similar effects
were also observed in T cell subsets collected in mesenteric lymph
node (LN) and spleen (Fig. S8). However, the influences of both spe-
cies on the proportions of some CD8 + cell subsets, i.e. effective
CD8 + cells and CD8 + CD38 + cells in blood, mesenteric LN and
spleen were not obvious (Fig. S9), so were their effects on cdT cells.
These results indicated that the promoting effects of S. thermophiles
seemed to be more directed to CD4 + cells than to CD8 + cells and
other T cell subsets, consistent to the immunological effects of LAB
species observed in the validation cohort. Besides, we investigated
the development of lymphatic follicles in the lamina propria , the
submucosal lymph tissue of colon. The lymphatic follicles were
greatly enlarged under the stimulation of S. thermophiles, even
exceeding the size of those in Mock mice, and the CD4 + cells
stained by immunohistochemistry showed much stronger signals
in ST mice when compared with EB and Ctrl mice (Fig. 5d).

3. Discussions

In this study, we reported an association between a group of
intestinal LAB species and the enhanced CD4 + cell restoration on
ART in HIV-infected patients. Gut microbes are commonly found
to have immunomodulatory effects [30], and a range of individual
or groups of microbes has been demonstrated to be able to stimu-
late or inhibit a specific subset of immune cells [31–33]. The micro-



Fig. 3. Two clusters of co-occurrent LAB species and their correlations to post-ART immune recovery. a. The top five co-occurrence clusters of species in HIV gut
microbiota. The thickness of lines indicates rho value of Spearman’s coefficient. b. Comparison of total abundance of species in cluster I (left), cluster II (right) between IR and
INR patients. Wilcoxon rank sum test, *, p < 0.05. c. The correlations of the total abundance of species in cluster I (left) and cluster II (right) to the post-ART growth rate of
CD4 + T cells and its subsets of patients in the validation cohort. The growth rate was represented as the After/Before ratio of cell count, and the abundance is averaged
between before and after ART. The strength of the correlations was evaluated by the Spearman rank-sum test with the rho value labelled above. d. Change of the total
abundance of species in cluster I (left) and cluster II (right) after ART. Wilcoxon signed-rank test, *, p < 0.05; ***, p < 0.001.
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bial immunomodulatory effect is phylogenetically independent
and varies from species to species, possibly due to their differences
in antigenicity, aggressiveness, and the metabolites they produced
[30,34]. As most of the species related to the immune recovery in
HIV-infected patients are LAB, and quantification of the abundance
of D-LDH gene and related pathway demonstrated significant
enrichment in IR patients, we therefore speculate an elevated
intestinal lactic acid concentration contributes to the immune-
promotion effect. Lactate is a signal molecule that substantially
influences the gene expression profile in a wide range of cell types,
including immune cells [35]. However, its effects on immunity and
inflammation are still controversial [36,37]. As the immune
recovery-related LAB we have identified represent as a small pro-
portion of intestinal lactate-producers, the contribution from a
group of specific species might overwhelm that from others. How-
ever, the dissection of the lactate effects from that of specific LAB
species might be rather difficult since the fecal concentration of
lactic acid is often undetectable due to high efficiency in gut re-
absorption and local utilization by enterocytes and bacteria [38].
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Another obstacle for clarifying the role of LAB on immune
recovery after ART is the selection of an appropriate animal model.
The pathogenesis of HIV infection and changes upon ART are rather
complicated, and there is no available model to fully recapitulate
the complex and multifactorial process of CD4 depletion in HIV
and recovery following ART. We finally selected the model of
CD4 depletion by anti-CD4 antibodies to dissect the pure effect
of LAB on the recovery of CD4 count in no additional conditions
during the HIV infection and ART, such as ‘‘leaky gut”, chronic
inflammation, or latent HIV infection. Therefore, the LAB effects
on CD4 count we observed are not confined to HIV infection, and
might be potentially generalized into other immune inhibitory
conditions such as post-antineoplastic chemotherapy. Although
LAB are generally beneficial for health, clinical trials with edible
LAB, including Lactobacillus spp. [39], have not achieved success
in improving post-ART immune recovery for HIV patients.
Nevertheless, results from our study pointed to a group of less-
noticed LAB, i.e., Streptococcus spp. Gemella spp. and Granulicatella
spp., which correlated to a better prognosis, and the favourable
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effects of Streptococcus thermophilus in our animal experiment
deserve further clinical investigations and in comparison to other
commonly applied LAB.
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Many LAB species have been utilized as probiotics, and studies
have reported the effects of LAB species on pathogen resistance
and ameliorating inflammation in intestine [40,41]. Our study also
demonstrated the effects of S. thermophiles, a common fermenta-
tive LAB in yogurt, on the restoration of CD4 + T cells, which sug-
gests a new strategy in dealing with the CD4 + lymphopenia. As
revealed in our study, the extent of CD4 + cell restoration is depen-
dent on the abundance of the group of LAB. These findings imply
that the supplementation of LAB probiotics especially of Strepto-
coccus species which are vulnerable to standard ART might be a
promising strategy to improve the CD4 + cell lymphopenia. How-
ever, long-term intake of LAB probiotic should be cautiously pre-
scribed due to the complex interactions between probiotics and
host [42]. For example, LAB often produce both L-lactate and D-
lactate, and overdose absorption of gut D-lactate might lead to lac-
tic acidosis as the D-lactate would not ready to be utilized or
metabolized by the host, and probiotic strains depleted of the D-
LDH gene might be more suitable for long-term users.

In conclusion, our study uncovered a group of intestinal LAB
that closely related to the enhanced post-ART CD4 + T cell restora-
tion. These primary findings provide a novel avenue for investiga-
tions in microbiota-related mechanisms underlying the poor
immunological recovery in HIV-infected patients and for attempts
in rectifying their immune abnormalities via tuning the intestinal
microbiota components.
4. Materials and Methods

4.1. Ethical compliance

All experimental protocols were approved by the Ethics Com-
mittee of the Peking Union Medical College Hospital (reference
numbers: JS1617) and registered in ClinicalTrials.gov (ID:
NCT04297501). The study design complied with all relevant ethical
regulations and aligned with the Declaration of Helsinki. All partic-
ipants gave their informed consent.

4.2. Samples collection and fecal DNA extraction

The information of IR and INR HIV patients in the cohort of trea-
ted patients was retrieved from our previous study [17]. Briefly,
this cohort included HIV patients who experienced suppressive
ART for over 2 years and were recruited from the Department of
Infectious Diseases, Peking Union Medical College Hospital, China
from December 2015 to September 2016. IRs (immunological
responders) and INRs (immunological non-responders) were
defined as CD4 + T-cell counts � 350 cells/mm3 and < 350 cells/
mm3 after 2 years of ART. For the validation cohort, 26 newly diag-
nosed HIV patients and naïve of anti-retroviral treatment were
recruited and followed until one year after ART in the same Hospi-
tal fromMarch 2018 to July 2019. In accordance with the exclusion
criteria in the treated cohort, subjects who have used antibiotics,
antacid, probiotics, or prebiotics or have experienced diarrhea or
digestive symptoms within the previous one month before sample
3

Fig. 4. A prediction model based on the abundance of species in Cluster I and II.
a. Performance of the prediction model evaluated with ROC. AUC, area under curve.
b. Top five of species contributors to the prediction model. Species in blue colour
are also identified as species enriched in IR patients. c. The growth rate of CD4 + cell
(After/Before ratio of CD4 + cell count) in each quartile of the patients in the
validation cohort which was divided according to their immune promotion score.
The score of each patient was inferred from the prediction model with the
abundance of species in Cluster I and II. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 5. Effects of a LAB species of Streptococcus thermophilus on the recovery of CD4 lymphopenia in a mouse model. a. Scheme of the experimental design for a
probiotic-based preventive regimen using the mouse model of transient CD4 + cell depletion. b-c. Representative flow cytometry plots showing the proportion of CD4 + cells
and CD8 + cells (b), and Naïve CD4 T cells (c) in blood of the indicated groups. The proportions of each cell subset in all samples were plotted on the right. d. Representative
microscopic photos of lymphatic follicles in the lamina propria . Brown cells are immunohistochemistry stained CD4 + T cells. Scale bar = 100 lm. ST, Streptococcus
thermophilus gavage group (n = 4); EB, Eubacterium Bakeri gavage group (n = 4); Ctrl, negative control group (n = 4); and Mock, mock control group (n = 4). *, p < 0.05.
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collection were excluded. In addition, the patients with active
opportunistic infection, co-infection of HBV and HCV, or other
comorbidities were also excluded from our cohorts.

For all participants, faecal samples before and one-year after
ART were collected and placed in collection tubes in PSP� Spin
Stool DNA Plus Kit (Stratec Co., Germany), and stored at � 80℃.
The faecal DNA was extracted in the P2 plus laboratory in the hos-
pital according to the manufacture’s instruction. Besides, the
counts of CD4 + and CD8 + T cell and their subsets were analyzed
by flow cytometry as listed in Table S3.
4.3. DNA library construction and sequencing

The DNA libraries were constructed, quantified, and then
sequenced on the Illumina HiSeq 4000 platform in Annoroad Gene
Technology Co. (Beijing) to generate 150-bp paired-end reads, with
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an insert size around 350 bp. The raw reads were processed with
KneadData package (https://bitbucket.org/biobakery/kneaddata),
where low-quality reads, adapters, human DNA contamination
and shorter reads<60 bp were removed by Trimmomatic [43]
and Bowtie2 [44].
4.4. Bacteria taxonomy and pathway profiling

For the metagenomic data of each sample, the taxonomy profile
and relative abundance of each species were estimated by per-
forming MetaPhlAn2 [45] with default parameters, where qualified
reads were assigned to clade-specific marker genes of over 7500
species identified from ~ 13500 bacteria genomes.

For each sample, the strains-level diversity of all its component
species was analyzed using StrainPhlAn [46] with the default
parameters. Based on the MetaPhlAn2 output of marker genes,

https://bitbucket.org/biobakery/kneaddata
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StrainPhlAn distinguishes strains by identifying sequence varia-
tions in marker genes per species. The phylogenetic trees of each
species were further constructed with RAxML [47] and visualized
with FigTree [http://tree.bio.ed.ac.uk/software/figtree/].

Depending on the output of MetaPhlAn2 and the pangenome
database of ChocoPhlAn, software HUMAnN2 (The HMP Unified
Metabolic Analysis Network 2) [24] that is based on the pathway
database of MetaCyc [48], was used to identify the microbial path-
ways in each sample with default parameters except alignment e-
value as 1e-5. The module humann2_renorm_table was utilized to
estimate the relative abundance of each microbial pathways nor-
malized as a proportion of total assigned reads and quantify the
CPM (Counts Per Million) of each enzyme.

4.5. Construction of quasi-paired cohort

The metagenome data of IRs and INRs were downloaded from
the dataset of a previous study [17] (No. SRP111623). The taxo-
nomical profile of each sample was configurated as above
described, and all samples were then plotted into the high-
dimension space with the abundance of each species as a dimen-
sion. The similarity of a sample to its neighbours was evaluated
with KNN, that it, the average Euclidean distances of the sample
to its nearest k neighbours (k was the square root of sample size).
Similarly, intragroup KNN and intergroup KNN were also calcu-
lated for each sample to evaluate its similarity to neighbours of
own side and opposite side. Then three steps were taken to con-
struct the quasi-paired cohort. First, to remove outliner and redun-
dant samples which were defined as KNN > mean + SD (outliner)
or < mean-SD (redundancy). Next, to identify boundary samples
which were more similar to neighbors of the opposite group than
own side, that is, intragroup KNN > intergroup KNN. Finally, to con-
struct the quasi-paired cohort with pairs of boundary samples and
one of its nearest k neighbors of the opposite group, and to remove
redundant pairs (refer to Fig.S2 for the flowchart of ‘‘quasi-paired
cohort”).

4.6. Co-abundance species clusters

We first evaluated the pairwise correlations between species
according to their abundance in IR and INR patients with Spearman
rank sum test. Then a co-abundance network of species was con-
structed based on the correlations. When the cut-off of Spearman’s
coefficient (rho value) was set as > 0.8, clusters emerged in the
MCODE module of Cytoscape [49] software with default
parameters.

4.7. Random forest classifier and prediction model

The abundance of species in Cluster I and II were used to con-
struct a random forest classifier with the packages of caret
[https://cran.r-project.org/web/packages/caret/] and random For-
est [https://cran.r-project.org/web/packages/randomForest/] in R.
The model was trained with 40% of all IRs and INRs samples and
tested with all samples with 1000 times of bootstrapping. The per-
formance of the model was evaluated by AUROC with the R pack-
ages of ROCR [https://cran.r-project.org/web/packages/ROCR/] and
pROC [https://cran.r-project.org/web/packages/pROC/]. For each
species, the mean value of its contribution to the model across
all bootstraps was calculated to indicate its importance in deviat-
ing IRs and INRs. Finally, the model was used to predict the recov-
ery of CD4 + cell count after one-year of ART for patients in the
validation cohort. For each patient, an opportunity score that clas-
sified the patient as IR or INR was inferred by the prediction model
with the patient’s total abundance of species in Cluster I and II, and
the score was named as immune promotion score. Then patients
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were divided into quartiles according to their immune promotion
score and compared for their CD4 T cell count growth after one-
year of ART.

4.8. Animal model of CD4 cell depletion in germ-free mice

All experiment protocols were approved by the Animal Care and
Use Committee of the institute (ZH18001) and were carried out in
accordance with the guidelines of the institute. Male and female
C57BL6J germ-free mice were bred and fed under germ-free condi-
tions in Institute of Laboratory Animal Science, Chinese Academy
of Medical Sciences (CAMS, Beijing) until 4 weeks old for experi-
ments. Animal model of CD4 + cell depletion was constructed by
two boluses (with a three-day interval) of intraperitoneal injection
of 50 lg anti-CD4 antibody (clone GK1.5, BioXCell) as previously
described [29].

We randomized sixteen C57BL6J germ-free mice into four treat-
ment groups (M:F = 1:1). They were Streptococcus thermophilus
gavage group (ST, n = 4), Eubacterium Bakeri gavage group (EB,
n = 4), negative control group (Ctrl, n = 4), and mock control group
(Mock, n = 4). During the week before the anti-CD4 antibody injec-
tion, three doses of bacterial cell suspensions (1 � 108 cell/dose)
were given for mice in ST and EB groups by gavage. Mice in Mock
and Ctrl groups were given equal volume saline for control. Then,
all mice were depleted CD4 + cells except those in the Mock group.
Faecal samples of all mice were collected in the first and second
week after the last antibody injection for 16 s rDNA sequencing
to confirm inoculation and detect contamination. Faecal concentra-
tion of lactic acid was measured by spectrophotometric method
with the lactic acid assay kit (Cat. No. BC2230, Solarbio, China).
After faecal DNA extraction as described above, V3-V4 region of
the 16S rDNA was amplified and sequenced by Sanger’s method.
Four weeks after the first antibody injection, all mice were sacri-
ficed. Samples of blood, spleen, and mesenteric lymph nodes
(MLN) were obtained from all mice, sieved through a 70 lm cell
strainer (Corning) in RPMI 1640 medium with 10% FBS and
single-cell suspensions (106 cells/100 ll) were prepared for flow
cytometry. Colon tissues were fixed in formalin for pathological
and immunohistochemistry assay.

4.9. Flow cytometry and immunohistochemistry assay

Flow cytometry analysis follows a scheme showed in Fig. S9.
Cell surface markers were first stained, and the cells were then
fixed and permeabilized with an intracellular staining buffer set
(Thermo Fisher Scientific) following the manufacturer’s protocol
and stained with intracellular or intranuclear markers. Antibodies
(Table S6) were purchased from eBiosciences (Thermo Fisher Sci-
entific). Memory CD4 cells were defined as CD4 + CD44+, naïve
CD4 cells as CD4 + CD62L+, effective CD8 cells as CD8 + CD38 +
H-2 kb+, cdT cells as CD3 + TCR gamma/delta + . Flow cytometry
was performed using FACSAriaTMII (BD Biosciences) and the data
was analyzed using FlowJo v10.0.7 software (Tree Star Inc., Ash-
land, OR, USA).

The colon tissues were embedded in paraffin, sectioned and
stained with hematoxylin and eosin (H&E). A microscopic assess-
ment of lymphatic follicles was performed, as well as immunohis-
tochemistry assay of CD4+, CD8+, and Treg (CD4 + CD25 + FOXP3 +
) cells with corresponding antibodies (Table S6).

4.10. Statistics analysis

All statistical analyses were performed with R software. Wil-
coxon Signed Rank test was used to identify enriched species and
pathways for IR and INR patients in the quasi-paired cohort, as well
as species significantly changed after ART. The difference in
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enzymes abundance between IRs and INRs and difference in T cell
subsets proportions betweenmice groups were tested byWilcoxon
Rank sum test. The correlation among species, or between species
abundance and clinical markers of T cell subsets were evaluated by
Spearman rank sum test. When multiple hypotheses were consid-
ered simultaneously, p-values were adjusted to control the false
discovery rate with the method described previously [50]. The fig-
ures were plotted with the R package of ggplot2 [https://cran.r-
project.org/web/packages/ggplot2/] and ggpubr [https://cran.r-
project.org/web/packages/ggpubr/].

5. Data availability

Extended metagenomic data of this study are available at the
URL https://bigd.big.ac.cn/ described in the project CRA002425.
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