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ABSTRACT Klebsiella pneumoniae is a human gut communal organism and notorious
opportunistic pathogen. The relative high burden of asymptomatic colonization by K.
pneumoniae is often compounded by multidrug resistance—a potential problem for in-
dividuals with significant comorbidities or other risk factors for infection. A carbapenem-
resistant K. pneumoniae strain classified as multilocus sequence type 258 (ST258) is wide-
spread in the United States and is usually multidrug resistant. Thus, treatment of ST258
infections is often difficult. Inasmuch as new preventive and/or therapeutic measures are
needed for treatment of such infections, we developed an ST258 pneumonia model in
cynomolgus macaques and tested the ability of an ST258 capsule polysaccharide type 2
(CPS2) vaccine to moderate disease severity. Compared with sham-vaccinated animals,
those vaccinated with ST258 CPS2 had significantly less disease as assessed by radiogra-
phy 24 h after intrabronchial installation of 108 CFU of ST258. All macaques vaccinated
with CPS2 ultimately developed ST258-specific antibodies that significantly enhanced se-
rum bactericidal activity and killing of ST258 by macaque neutrophils ex vivo. Consistent
with a protective immune response to CPS2, transcripts encoding inflammatory media-
tors were increased in infected lung tissues obtained from CPS-vaccinated animals com-
pared with control, sham-vaccinated macaques. Taken together, our data provide sup-
port for the idea that vaccination with ST258 CPS can be used to prevent or moderate
infections caused by ST258. As with studies performed decades earlier, we propose that
this prime-boost vaccination approach can be extended to include multiple capsule
types.

IMPORTANCE Multidrug-resistant bacteria continue to be a major problem worldwide,
especially among individuals with significant comorbidities and other risk factors for in-
fection. K. pneumoniae is among the leading causes of health care-associated infections,
and the organism is often resistant to multiple classes of antibiotics. A carbapenem-
resistant K. pneumoniae strain known as multilocus sequence type 258 (ST258) is the
predominant carbapenem-resistant Enterobacteriaceae in the health care setting in the
United States. Infections caused by ST258 are often difficult to treat and new prophylac-
tic measures and therapeutic approaches are needed. To that end, we developed a
lower respiratory tract infection model in cynomolgus macaques in which to test the
ability of ST258 CPS to protect against severe ST258 infection.
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Klebsiella pneumoniae is a Gram-negative rod-shaped bacterium often found as a
part of normal human microflora in the intestines. The bacterium is also an

etiological agent of pneumonia, and bloodstream, surgical site, and urinary tract
infections. Such infections occur typically in individuals with severe comorbidities or
significant underlying susceptibility factors (e.g., immunosuppression or mechanical
ventilation). Klebsiella spp. (K. pneumoniae and K. oxytoca) were reported by Magill et al.
as being among the top eight causes of health care-associated infections in the United
States in 2015 (1). In this study, pneumonia was the most abundant type of infection
among all patients, and Klebsiella spp. remained a significant cause of health care-
associated pneumonia (1). In a separate study of 33 U.S. medical centers (across 23
states), Sader et al. reported that K. pneumoniae was the third most common microbe
recovered from patients with bloodstream infections during the period of 2015 to 2017
(2). The relative high prevalence of severe health care-associated infections caused by
these organisms is complicated further by antibiotic resistance.

K. pneumoniae infections have been treated historically with �-lactam antibiotics (3).
Carbapenem antibiotics are a class of highly effective broad-spectrum �-lactam anti-
biotics that have been used widely to treat individuals with K. pneumoniae infections,
especially those caused by strains that produce extended-spectrum �-lactamases (4, 5).
Therefore, the emergence of carbapenem-resistant K. pneumoniae strains, especially
those that are resistant to other classes of antibiotics, poses a significant problem for
treatment of infections (6–8). In the United States, carbapenem-resistance in K. pneu-
moniae is conferred primarily by K. pneumoniae carbapenemase (KPC), which is most
often encoded by blaKPC within a transposon on a plasmid (9). KPC can hydrolyze all
�-lactam antibiotics (9). The first K. pneumoniae KPC-producing isolates were reported
in the United States approximately twenty years ago (9), and KPC-containing strains are
now widespread (8, 10). The overall mortality for infections caused by KPC-containing
K. pneumoniae was estimated recently as �41 to 42% (10, 11).

The majority of carbapenem-resistant K. pneumoniae clinical isolates in the United
States and in other regions of the world are classified as multilocus sequence type 258
(ST258) (7). ST258 is comprised of two distinct clades and their genetic differentiation
is largely attributed to a region of recombination that encompasses genes, known as
cps1 and cps2, involved in capsule polysaccharide (CPS) biosynthesis (12). We demon-
strated previously that ST258 CPS2 contributes to evasion of the host innate immune
response, including inhibition of phagocytosis and killing by human neutrophils (13,
14). Additionally, anti-CPS2 antibody produced in rabbits promotes killing of ST258 in
vitro (14). Studies published in the 1980s and 1990s demonstrated that purified K.
pneumoniae CPS has significant potential as a vaccine antigen (15, 16), and anti-CPS
antibody (Ab) confers some protection in humans (17), but clinical trials were stopped
and an immunotherapy approach for prevention and/or treatment of K. pneumoniae
infections is not licensed for use in humans. Immunoprophylaxis and/or immunother-
apy are viable alternatives to antibiotic therapy.

As a step toward developing an immunotherapy for carbapenem-resistant K. pneu-
moniae, we developed an ST258 respiratory tract infection model in cynomolgus
macaques (Macaca fascicularis) and tested the efficacy of purified CPS2 as a vaccine
antigen.

RESULTS
Lower respiratory tract infection in cynomolgus macaques. Nonhuman primates

(NHPs) such as Macaca fascicularis are naturally susceptible to K. pneumoniae infections,
many of which manifest as a respiratory disease (18). Moreover, the anatomy of the NHP
respiratory system closely reflects that of humans (19, 20). As a first step toward testing
the ability of ST258 CPS to elicit a protective immune response in the host, we
developed an ST258 model of lower respiratory tract infection in cynomolgus ma-
caques (Fig. 1). Animals (3 per group) were infected with 108 or 1010 CFU of ST258 by
intrabronchial instillation, and the inoculum was divided equally between left and right
lungs. Animals were monitored closely for clinical symptoms, and vital signs, SpO2,
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body temperature and weight, CBC and blood chemistry, and radiographs were taken
every other day for 13 days (Fig. 1A, and Fig. S1 to S3 in the supplemental material). All
animals had hunched posture and experienced coughing and sneezing after infection.
There were patchy alveolar patterns on lung radiographs from animals infected with
either inoculum starting on day 1 postinfection. At 5 days postinfection, there were
regions of pulmonary consolidation located primarily in middle and caudal lobes of
the lung, although the lobes affected varied among the animals in each group (Fig. 1A).
The noted pulmonary consolidation remained in all infected animals until the end
of the study (13 days postinfection).

Lung consolidation was verified during necropsy, and there was a noted failure of
infected lungs to collapse. Consistent with the radiographs, there was a high percent-
age of lung area visually affected in animals infected with 1010 CFU. Moreover, there
were adhesions between lung lobes, adhesion of the lungs to the diaphragm, and an
increased lung weight to body weight ratio. These features are consistent with severe
lower respiratory tract infection (Fig. 1B, Fig. S1, and Table S1). Histopathology of lung
samples correlated with subacute (day 5), chronic (day 9), and resolution (day 13) stages
of the disease (Fig. 2, Fig. S4). In the most severely affected lobes, bronchioles and
alveoli contained edema, organizing fibrin, aggregates of swirling and streaming
fibroblasts, macrophages, and fibrin, which filled and conformed to the airway bound-
aries. Such pathology is consistent with bronchiolitis obliterans organizing pneumonia
(BOOP) (Fig. 2). Disease was in general more severe in animals that received 1010 CFU
compared to those infected with 108 CFU (Fig. 1D), a finding that underscores the idea
that disease severity in the model is dose-dependent. Nonetheless, infection with either
108 or 1010 CFU of ST258 causes severe lower respiratory infection in cynomolgus

FIG 1 ST258 lower respiratory tract infection in cynomolgus macaques as a model nonhuman primate. (A)
Representative radiographic images of lungs in uninfected animals (Kp2 D0, Kp6 D0) and then 5 days after infection
with the indicated ST258 inoculum (Kp2 D5, Kp6 D5). Dashed yellow line indicates radiographic changes due to
ST258 infection. (B) Gross pathology of lungs from the animals shown in panel A. (C) Quantitation of severity of
radiographic scores. (D) Quantitation of severity of lung histopathology scores. Kp1 to Kp6 indicate numbers of
individual animals.
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macaques, and therefore 108 CFU was chosen as the inoculum for all subsequent
experiments.

Vaccination of NHPs with CPS2 moderates severity of lower respiratory tract
infection caused by ST258. To evaluate the ability of purified CPS2 to protect NHPs
against ST258 pneumonia, we infected 2 groups of 5 animals each with a 108 CFU of
ST258 and then compared CPS2-vaccinated and sham-vaccinated (control) animals as
outlined in Fig. 3. Within the first 24 h after infection, 3/5 animals in each group
presented with a hunched posture, 2/5 animals in each group had notable sneezing,

FIG 2 Histopathology of lungs infected with K. pneumoniae. Images represent sections of lung from
cynomolgus macaques infected with 108 or 1010 CFU of K. pneumoniae strain ST258 as indicated. Tissue
sections were collected during necropsy on the indicated day postinfection and stained with
hematoxylin-eosin. The original magnification is 40� (left) or 400� (right). BOOP, bronchiolitis obliterans
organizing pneumonia. Kp1 to Kp6 indicate numbers of individual animals.
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and one animal in the sham-vaccinated group presented with a cough. Although there
was progressive pulmonary consolidation in all infected animals over the duration of
the study, there was no radiographic change in 4/5 vaccinated animals 24 h after
infection (Fig. 4A and B). Histopathology scores of lung tissues obtained from animals
3, 5, and 7 days postinfection were on average slightly reduced for CPS2-vaccinated

FIG 3 Schematic of the vaccination and challenge study. Individual animals are indicated with a circle.
Open circles with a solid black line indicate NHPs prior to treatment (prevaccination). Red circles indicate
NHPs vaccinated with CPS2. Blue circles indicate NHPs that were sham-vaccinated (control animals). Faded
circles indicate the endpoint day and necropsy for that animal. Circles with dotted outlines are placeholders
for animals necropsied at earlier times in the study.

FIG 4 Vaccination with CPS2 delays the onset of ST258 pneumonia. (A) Representative radiographic
images of lungs from an NHP vaccinated with CPS2 (Kp9) and from a sham-vaccinated NHP (Kp13) before
infection with ST258 (Kp9-D0, Kp13-D0), 1 day postinfection (Kp9-D1, Kp13-D1), and 5 days postinfection
(Kp9-D5, Kp13-D5). Dashed yellow line indicates radiographic changes due to ST258 infection. (B)
Quantitation of severity of radiographic scores. (C) Quantitation of severity of lung histopathology scores.
Statistical analyses for data in panel B, on day 1, day 3, and day 5, were performed using an unpaired,
two-tailed t test with Welch’s correction. *, P � 0.012. The number of animals in each group (vaccinated
or sham) on these days is provided in parentheses. ns, not significant at the level of P � 0.05.
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animals compared with sham-vaccinated animals on day 3 and day 5, albeit the sample
size was limited (1 to 2 animals per group were necropsied on those days) (Fig. 4C).
Thus, the chest radiograph analyses indicated that CPS2-vaccinated animals had de-
layed disease progression compared to sham-vaccinated control animals (Fig. 4A and
B). Consistent with these findings, lung tissue sections from animals vaccinated with
CPS2 had decreased bacterial burden compared to those from sham-vaccinated ani-
mals, most notably at 3 and 5 days postinfection (Table 1). Collectively, these data
provide clinical, radiographic, and histopathological evidence that vaccination of cyn-
omolgus monkeys with CPS2 confers protection at least in part against severe lower
respiratory tract infection caused by ST258.

Vaccination with CPS2 alters the host response to ST258 K. pneumoniae at the
transcriptome level. We next used an RNA sequencing (RNA-seq) approach to gain a
better understanding of the host response to infection in animals vaccinated with
ST258 CPS2 (Fig. 5). Lung tissue samples were obtained from 1 to 2 animals per group
during necropsy on days 3, 5, and 7 postinfection and analyzed by RNA-seq. The
complete list of transcripts and changes in their expression levels is compiled in
Table S4. The greatest differential (between vaccinated and control animals) in host
gene expression occurred on day 3 postinfection, the earliest time point tested (Fig. 5A
and B). These findings are consistent with the observed delay of disease progression in
CPS2-vaccinated animals (compare Fig. 4A, B and 5A, B). In general, genes encoding
molecules involved in innate immune processes, such as chemotaxis and recruitment
of granulocytes, were upregulated on day 3 postinfection in animals vaccinated with
CPS2 (Fig. 5A and B). Compared with sham-vaccinated animals, transcripts encoding
epithelial cell mucins (MUC4, MUC16) and airway-secreted mucins (MUC2, MUC5B) were
upregulated in infected animals that had been vaccinated with CPS2 (Fig. 5A). Mucins
play an important role in the defense of the airway against bacterial infection (21).
Collectively, these data provide support for the idea that the immune response and
host innate immunity is bolstered by vaccination with ST258 CPS2.

Blood and serum obtained from vaccinated cynomolgus macaques has en-
hanced bactericidal activity toward ST258. Compared with sham-vaccinated mon-
keys, animals vaccinated with CPS2 had increased levels of antibodies specific for ST258
(Fig. 6A and B). Antibody titers were highest at 3 weeks postvaccination and ranged
from 32,000 to 64,000 as determined by flow cytometry (Fig. 6C). Although CPS2
elicited a relatively strong initial antibody response, it is noteworthy that a boost given
4 weeks after the initial vaccination failed to improve antibody titers (Fig. 6B). Moreover,
antibody titers decreased within a few weeks after peak titers were measured, indicat-
ing the antibody response to CPS2 was relatively short-lived and perhaps consistent
with the known immune response to purified polysaccharide alone (22). That said, the
strong initial antibody response to CPS2 increased serum bactericidal activity signifi-
cantly and enhanced the ability of neutrophils to kill ST258 when tested ex vivo
(Fig. 6D). For example, on day �34, bacterial survival in serum from animals vaccinated
with CPS2 was 21.8 � 12.8% of that using serum from sham-vaccinated animals (P �

TABLE 1 Bacteria in lung tissuea

Lung lobe

CPS2 Sham

Day 3 Day 5 Day 7 Day 3 Day 5 Day 7

Kp7b Kp11 Kp10 Kp8 Kp9 Kp13 Kp14 Kp12 Kp15 Kp16

Right upper lobe � �� � � � � ��� � � �
Right middle lobe �� � � � � � �� � � �
Right lower lobe �� � � � � �� ��� � � ��
Left upper lobe �� � � � � � ��� � � �
Left middle lobe �� �� � � � � �� � � �
Left lower lobe �� � � � � � �� � � �

a�, ��, ���, relative amounts of bacteria present in lung tissue samples; �, absence of bacteria in lung
tissue samples.

bKp7 to Kp16 indicate numbers of individual animals.
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0.0001) (Fig. 6D). Consistent with these findings, the ability of NHP neutrophils to kill
ST258 was increased significantly following vaccination with CPS2 (e.g., survival of
ST258 in assays with neutrophils obtained from vaccinated NHPs was 13.2 � 8.2% of
that in assays with cells from sham-vaccinated animals, P � 0.0003) (Fig. 6D). Taken
together, these results provide strong support for the idea that CPS2 can be used as a
vaccine antigen for prevention or moderation of infections caused by ST258.

DISCUSSION

Carbapenem-resistant K. pneumoniae pose a significant threat to human health and
have been included as a priority pathogen by the World Health Organization since 2017
(8). Infections with ST258 are associated with high rates of morbidity and mortality,
particularly among individuals with prolonged hospitalization, critically ill patients, and
those exposed to indwelling devices. The rapid emergence of KPC-producing isolates

FIG 5 Vaccination with CPS2 alters the host transcriptome during infection with ST258. (A) Three
separate lung tissue samples were obtained from each animal at necropsy and processed individually for
analysis by RNA-seq as described in the Methods and Materials. Results are presented as the mean fold
change in transcripts from 3 to 6 separate samples from vaccinated versus sham-vaccinated animals. (B)
RNA-seq data were analyzed with Ingenuity Pathway Analysis (IPA, Qiagen) to identify processes that are
predicted to be increased or decreased. The intensity of orange or blue color indicates prediction
strength. Increases or decreases that are ��2 or � 2 indicate the change in predicted function is
statistically significant.
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worldwide presents a challenge for treatment given the expanded drug resistance
profile of these strains, which has rekindled interest in development of alternative
prophylactics and therapeutics such as vaccines and monoclonal antibody (MAb)
therapy. In this study, we developed an ST258 respiratory tract infection model in
cynomolgus macaques and evaluated the potential of purified capsule polysaccharide
as an opsonophagocytic vaccine candidate for treatment of infection.

We chose NHPs to model K. pneumoniae respiratory infections due in large part to
close approximation of human airway and lung anatomy, physiology and mucosal
immune mechanisms. For example, primate species are distinguished by dichotomous
branching of upper airways and progression to respiratory bronchioles that are not
present in rodent species (19). Moreover, primate airways are highly ciliated in nature
and have less abundant secretory cells than rodents (23). K. pneumoniae is part of the
normal flora of nonhuman primates and is also a cause of pneumonia (18, 24). In our
studies, intrabronchial administration of 108 and 1010 CFU ST258 into the right and left
lungs of cynomolgus macaques resulted in development of a typical bacterial lobar
pneumonia. The early stages of infection were characterized by development of
radiographic signs of an alveolar pattern in the lungs by day 3. As disease progressed,

FIG 6 Vaccination of cynomolgus macaques with CPS2 elicits antibodies that promote killing of ST258.
(A) Antibody titers in cynomolgus macaques were determined by flow cytometry as described in the
Methods and Materials. Data shown are from representative histograms from a single animal on day �34.
(B) Comparison of antibody titers in cynomolgus macaques before vaccination, after primary vaccination
with CPS2 (black arrow, day �56), and after a boost with CPS2 (green arrow, day �28) was determined
by flow cytometry. Each symbol represents a unique animal. (C) Serum antibody titers in animals
vaccinated with CPS2 (Kp7-Kp11) versus a sham-vaccinated animal (Kp12). Serum was diluted 1:2,000,
1:4,000, 1:8,000, 1:16,000, 1:32,000, 1:64,000, and 1:128,000 as indicated, and antibody binding to ST258
was determined by flow cytometry. (D) Survival of ST258 was decreased significantly by serum and
neutrophils from vaccinated versus sham-vaccinated animals. ST258 (106 CFU) was incubated at 37°C
with 5% serum alone (sham, CPS2) or the combination of 5% serum and neutrophils/polymorphonuclear
leukocytes (PMNs) at a 1:1 CFU:PMN ratio (Sham�PMNs, CPS2�PMNs) for 1 h and bacterial survival was
determined as described in the Methods and Materials. Sham, assays containing 5% serum from control
animals that were sham-vaccinated; CPS2, assays containing 5% serum from animals vaccinated with
ST258 CPS2. Data are presented as the mean survival � standard error of the mean from 5 separate
animals per group. *, P � 0.05 as determined by using a repeated measures one-way ANOVA and Tukey’s
posttest.
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pulmonary consolidation was evident in all infected NHP with animals receiving the
higher inoculum showing signs of more severe disease and slower resolution.

Purified and detoxified K. pneumoniae capsular polysaccharide has been previously
tested as a vaccine candidate. Vaccination with CPS was effective in reducing disease
in K. pneumoniae murine infection models (25) and in a squirrel monkey model of
bacteremia (26). In addition, K. pneumoniae CPS was shown to be safe in humans (27)
including results of a phase I clinical trial (28). These vaccines were ultimately halted in
favor of antibiotic therapy. We previously demonstrated that purified IgG specific for
ST258 CPS2 promotes enhanced killing by human blood and serum, suggesting that it
is a viable target of immunoprophylaxis (14). In the present study, immunization of
NHPs with CPS2 resulted in a peak antibody titer at 3 weeks postvaccination (32,000 to
64,000; Fig. 6B and C). Notably, immune sera from the CPS2-vaccinated NHPs showed
increased bactericidal activity and enhanced the ability of neutrophils to kill ST258 in
ex vivo assays (Fig. 6D). Following the primary vaccination, NHPs received a booster at
day �28 and were challenged by intrabronchiolar inoculation of 108 CFU ST258 on day
0 (Fig. 3). The severity of ST258 pneumonia was reduced and delayed in the vaccinated
animals compared to the unvaccinated control group, as evidenced by clinical assess-
ment, radiography, and pathology (Fig. 4A to C). The delay of disease in the vaccinated
animals is consistent with Ingenuity Pathway Analysis (IPA) comparison of diseases and
biofunctions from RNA-seq data that indicate overall upregulation of inflammatory
response, activation, recruitment, and migration of immune cells compared to the
sham-vaccinated control group (Fig. 5B). Upregulation of these pathways was described
previously in mouse models of Pseudomonas aeruginosa (29, 30), Actinobacillus pleuro-
pneumoniae (31), and Streptococcus pneumoniae (32) respiratory infections. Neverthe-
less, immunization of NHPs with CPS2 did not provide complete protection against
ST258, and the induced antibody response was short-lived, as demonstrated by the
ineffectiveness of the booster and the dropping antibody titer over time (Fig. 6 B).
Bacterial capsular polysaccharides belong to thymus-independent (TI) antigens, are
poor activators of T cells, and do not lead to generation of T and B cell memory (33).
Immunogenicity and efficacy of carbohydrate vaccines can be successfully enhanced by
coupling CPS to carrier proteins such as inactivated bacterial toxoids (34). To this end,
Seeberger et al. recently described a semisynthetic glycoconjugate vaccine based on
the structure of CPS from K. pneumoniae carbapenemase (KPC)-containing isolates
conjugated to the diphtheria toxoid carrier CRM197 (35). Moreover, Diago-Navarro et al.
demonstrated that treatment of mice with MAbs specific for a CPS glycoconjugate
caused a reduction in the number of K. pneumoniae recovered from lungs, liver, and
spleen of infected mice (36). Although the glycoconjugate successfully elicited CPS-
specific antibody in mice and rabbits, the ability of the vaccine to protect against K.
pneumoniae was not tested owing to the lack of an appropriate infection model for KPC
strains that sufficiently approximates host comorbidities. More recently, Feldman et al.
reported a K. pneumoniae CPS glycoconjugate (bioconjugate) vaccine approach di-
rected against hypervirulent K. pneumoniae (hvKp) community strains that provided
protection in a murine infection model (37). Additionally, use of MAbs specific for hvKp
enhanced animal survival and decreased bacterial load in lungs, spleen, and liver in a
murine infection model (38). Unlike ST258, hvKp are more virulent in animal infection
models and are associated with disease in otherwise healthy individuals (39). Moving
forward, it is feasible that CPS-based vaccines and/or CPS-specific MAbs will provide a
viable alternative to treatment with antibiotics. For example, a CPS-based vaccine could
be used for targeted prophylaxis in at-risk populations. It will be important to develop
infection models that approximate ST258 infection to further test and improve current
vaccine strategies.

MATERIALS AND METHODS
Ethics statement. All animal experiments and procedures were performed in accordance with an

animal study protocol (2018-026E) approved by the Animal Care and Use Committee at Rocky Mountain
Laboratories (RML), National Institutes of Allergy and Infectious Diseases (NIAID), and conformed to the
guidelines of the National Institutes of Health (NIH). RML is accredited fully by the Association for
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Assessment and Accreditation of Laboratory Animal Care International. The animals were housed
according to standards detailed in the Animal Welfare Act, Public Health Service, and National Institutes
of Health Animal Care and Use Policies, and adhered to the principles stated in the Guide for the Care
and Use of Laboratory Animals, National Research Council, 2011.

Animals. Female cynomolgus macaques (Macaca fascicularis) of Mauritius origin were 8 to 10 years
old at the time of the study. The animals were fed a commercial nonhuman primate diet (Teklad 2055
25% Protein Primate Diet, Envigo) twice daily and had free access to water. Environmental enrichment
was provided per facility enrichment plan. Macaques were pair-housed in standard nonhuman primate
caging with an additional play cage attached during the vaccination period, and then housed individ-
ually following inoculation with bacteria. For installation of the inoculum, animals were anesthetized with
an intramuscular (IM) injection of Telazol (3 mg/kg). Ketamine HCl (10 to 11 mg/kg, IM) was used for all
other procedures and exams. Animals were euthanized by barbiturate overdose (1 ml/5 kg) administered
intravenously following induction of deep anesthesia with Telazol (5 mg/kg, IM).

Bacterial strains and culture conditions. K. pneumoniae isolate NJST258_2 (12) was cultured in
Luria-Bertani (LB) broth at 37°C in a rotary shaker incubator at 225 rpm. Bacteria from overnight culture
were transferred to fresh LB medium (1:200 dilution) and cultured to early exponential phase of growth
(optical density at 600 nm [OD600] � 0.750). Subsequently, bacteria were harvested by centrifugation
(4,200 � g for 15 min at 4°C), washed and suspended in sterile injection grade saline when used as
inoculum or RPMI 1640 medium (Gibco/LifeTechnologies) containing 10 mM HEPES (RPMI/H) for use in
in vitro assays.

Nonhuman primate pneumonia model. Six female cynomolgus macaques were split randomly into
2 groups of 3 animals each. On day zero, 3 animals received 5 ml (2.5 ml to each lung) injection grade
sterile saline containing 108 CFU and 3 animals received 1010 CFU of K. pneumoniae via intrabronchial
instillation. Intrabronchial inoculation was performed using a bronchoscope (Pentax EB-1170K video
bronchoscope). The bronchoscope was utilized to visualize the main-stem bronchi and advanced into the
right and left bronchus. The inoculum was then delivered through the working channel of the bron-
choscope. Following inoculation, the bronchoscope was removed. Physical exams (including body
weight and body condition scoring, rectal temperature, heart rate, respiratory rate/pattern, and pulse
oximetry assessment), blood collection, and thoracic radiographs were performed on day 0 prior to
infection, and postinfection on day 1 and every other day afterward until day 13 (experimental endpoint).
When clinically relevant dehydration was noted in at least one animal at a scheduled physical exam, all
animals received 125 ml of 0.9% NaCl subcutaneously on the exam day. Animals were monitored
cageside for clinical signs at least twice daily. Thoracic radiographs were taken using an IDEXX digital
imaging system with PACS software (IDEXX Laboratories, Inc., Westbrook, ME). The DICOM files generated
by the IDEXX system were converted to JPEG using OsiriX Lite software v10.0.2 (Pixmeo SARL, Bernex,
Switzerland). Subsequently, images were analyzed and the severity of radiographic changes in each lobe
was scored by clinical veterinarians in a blinded fashion, in accordance with a previously described
scoring method (40). Briefly, each lung lobe was given an independent score from 0 to 3 based on the
following criteria: 0, normal examination; 1, mild interstitial pulmonary infiltrates; 2, moderate interstitial
infiltrates, possible partial cardiac border effacement and small areas of pulmonary consolidation; 3,
progression of severity from grade 2, pulmonary consolidation. The total score per animal presented in
the figures is a sum of scores assigned to all lobes. One animal from each dose group was euthanized
on day 5, 9, and 13 postinfection.

Vaccine preparation and animal vaccination. CPS2 was extracted from bacterial culture superna-
tant as previously described (14, 16). Residual endotoxin was inactivated by incubation of purified CPS2
with 0.1 N NaOH in 95% ethanol for 1 h at 37°C. The pH of the solution was neutralized with 2 N acetic
acid and CPS2 was collected by centrifugation at 2000 � g for 10 min. The pellet was air dried and
resuspended in sterile water. Subsequently, the sample was dialyzed against sterile water and concen-
trated using a centrifugal filter unit with a 100 kDa molecular weight cutoff (MWCO) (Amicon Ultra-15
centrifugal filter unit; MilliporeSigma, UFC910024). Endotoxin levels in purified capsule preparations were
quantified with a limulus amebocyte lysate (LAL) turbidimetric endotoxin quantitation kit (Charles River
Endosafe, R19000).

All animals were tested for the presence of anti-K. pneumoniae CPS2 antibody prior to vaccination
with CPS2. Five animals were inoculated with up to 500 �g of purified K. pneumoniae CPS2 in 0.6 ml of
injection grade saline mixed 1:1 with TiterMax Gold adjuvant (Sigma-Aldrich). Five sham-vaccinated
animals received 0.6 ml of injection grade saline combined with adjuvant instead of purified CPS2. The
CPS2 (or saline)/TiterMax Gold inoculum was administered as follows: 0.2 ml was injected intramuscularly
into the right and left caudal thigh muscles, and 0.8 ml was injected subcutaneously in the midscapular
region. Four weeks after initial vaccination, animals received a boost immunization containing �500 �g
purified CPS2 in injection grade sterile saline (vaccinated group) or saline alone (sham-vaccinated group).
The vaccination was administered by intramuscular injection (0.1 ml) into the right and left caudal thigh
muscles, and by subcutaneous injection (0.4 ml) in the midscapular region. No adjuvant was used for the
boost. To monitor the immune response to CPS2, blood was collected on day �63 (prior to vaccination),
day �34 (3 weeks after initial vaccination), on day �14 (2 weeks after first boost), and on day 0 (day of
bacteria challenge). On day 0, all animals received 5 ml (2.5 ml into each lung) of injection grade sterile
saline containing 108 CFU of K. pneumoniae via intrabronchial instillation using a bronchoscope (Olympus
Evis Exera BF-XP190 bronchoscope) as described above. Physical exams (including body weight and body
condition scoring, rectal temperature, heart rate, respiratory rate/pattern, and pulse oximetry assess-
ment), blood collection, and thoracic radiographs were performed as outlined in Fig. 3 until day 7 (the
experimental endpoint) (Fig. S5 and S6 in the supplemental material). To evaluate histopathological
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changes that occurred during the course of infection, 2 animals from each group were euthanized on day
3, 1 animal from each group was euthanized on day 5, and an additional 2 animals were euthanized on
day 7 postinfection (see Fig. 3 for details). Scoring of histopathological changes in the tissues samples
was done in a blinded fashion by a qualified veterinary pathologist.

Antibody titers. On designated exam days, blood from NHPs was collected in BD vacutainer tubes
lacking anticoagulant. Blood was allowed to clot at room temperature for at least 20 min and serum was
separated from the clot by centrifugation at 1,100 � g for 10 min. Anti-CPS2 antibody titers were
determined by flow cytometry as described previously (14). Rabbit preimmune serum and rabbit
anti-CPS2 antibody were used as negative and positive controls, respectively (14). Goat anti-monkey IgG
conjugated with fluorescein isothiocyanate (FITC) (Abcam, product 112766) was used as a secondary
antibody.

NHP neutrophil and serum bactericidal activity. Nonhuman primate neutrophils were isolated
from heparinized blood using a CD66abce MicroBead kit and magnetic-activated cell sorting (MACS) LS
separation columns (Miltenyi Biotec) as described (41). Briefly, NHP blood was collected into BD
vacutainer tubes containing sodium heparin (12.0 mg per 4 ml tube). Erythrocytes were lysed by
incubation of blood with 7 volumes of erythrocyte lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM
EDTA) at room temperature for 10 min, mixing gently by inversion several times during lysis. Cells were
washed with RPMI/H medium and resuspended in MACS buffer (0.5% human serum albumin [Sigma
product A4327]/2 mM EDTA in Dulbecco’s phosphate-buffered saline [DPBS] without Ca�� and Mg��).
CD66abce-biotin-labeled antibody was added to the cell suspension followed by addition of anti-biotin
micro beads. The cell suspension was then transferred onto an LS column (Miltenyi Biotec) positioned in
the magnetic stand and unlabeled cells were washed from the column using MACS buffer. Magnetically
labeled cells (neutrophils) were eluted by removing the LS column from the magnetic stand and flushing
it with MACS buffer. Cells were collected by centrifugation at 300 � g for 10 min at 4°C and resuspended
in RPMI/H (1 � 107 cells/ml). If not used immediately, neutrophils were kept on ice. To evaluate
neutrophil bactericidal activity against K. pneumoniae, purified neutrophils (106 cells) were combined
with bacteria at a 1:1 bacteria: neutrophil ratio in RPMI/H containing 5% autologous serum (600 �l final
volume). Assays were rotated gently (8 rpm) at 37°C for up to 60 min. Control assays without neutrophils
were included in parallel, and these assays were used to evaluate serum bactericidal activity (106 CFU in
600 �l final volume). At designated times, saponin (0.1% final concentration) was added to the assay
tubes and the neutrophils were lysed on ice for 15 min. Serial dilutions of assay samples were plated onto
LB agar and then cultured overnight at 37°C. Bacteria were enumerated the following day. Bacterial
survival was calculated with the following equations: CFU�serum_CPS-vaccinated/CFU�serum_sham-vaccinated �100%
or CFU�PMN�serum_CPS-vaccinated/CFU�PMN�serum_sham-vaccinated �100%, where purified neutrophils are desig-
nated as polymorphonuclear leukocytes (PMN). Bactericidal activity of neutrophils purified using the positive
selection method described here was compared to the bactericidal activity of neutrophils purified via gradient
method and no significant difference was noted (not shown).

Histopathology analysis. Necropsies were performed by veterinary pathologists on predetermined
endpoint days. During necropsy, lungs were assessed for gross pathology and images were captured
with a Nikon D300 camera. Tissue samples were also collected for histopathological analysis. Samples
were fixed in 10% neutral buffered formalin (Cancer Diagnostics, Durham, NC) for a minimum of 72 h and
processed using a VIP-6 Tissue Tektissue processor (Sakura Finetek, USA). Tissue samples were embedded
in Ultraffin paraffin polymer (Cancer Diagnostics, Durham, NC) and sectioned serially at 5 �m. Air-dried
slides were stained with hematoxylin and eosin. K. pneumoniae was visualized within tissue sections
using rabbit anti-K. pneumoniae CPS2 IgG (1:500 dilution) (14) and a Discovery ULTRA System (Roche
Diagnostics) and Discovery DAB Map detection kit (Roche Diagnostics) according to the manufacturer’s
protocol. Images were obtained using an Olympus BX51 microscope and an Olympus DP74 camera
(Olympus Corporation). Image brightness and contrast were evenly adjusted using Adobe Photoshop,
and figures were created using Adobe Illustrator CC 2019 (Adobe, San Jose, CA).

Hematology, blood chemistry, multiplex immunoassays, and quantitative bacterial culture.
Hematology analysis was performed using blood containing EDTA as an anticoagulant (BD vacutainer
EDTA tubes) and a ProCyte Dx hematology analyzer (IDEXX, Westbrook, ME). Blood chemistry analysis
was performed with serum samples using a VetScan VS2 chemistry analyzer (Abaxis, Union City, CA).
Additionally, selected serum samples were submitted for multiplex immunoassay analysis on a Multi-
Analyte Profiling (MAP) technology platform (Human Inflammation Map v.1.0; Myriad RBM, Inc., Austin,
TX). Samples were stored at – 80°C until shipped for analysis. Results are provided in Fig. S2.

To enumerate K. pneumoniae in NHP blood, 0.1 ml of freshly collected heparinized blood was plated
on LB agar and Klebsiella ChromoSelect selective agar plates (Sigma-Aldrich). Plates were evaluated for
bacterial growth after incubation at 37°C for 24 h. Klebsiella pneumoniae was not detected in the blood
(not shown).

RNA-seq analysis of host response during K. pneumoniae infection. Three tissue samples
(�100 mg each) per lung/animal were taken from a visually affected section of the lung lobe during
necropsy on days 3, 5, and 7 post bacterial infection. Tissue sections were immediately flash frozen in
liquid nitrogen and stored at – 80°C until used. To isolate total RNA, frozen samples were pulverized using
a hammer, as described previously (42). Pulverized samples were added to lysis buffer containing
2-mercaptoethanol and homogenized in a FastPrep-24 sample preparation system (MP Biomedicals,
Santa Ana, CA). RNA was purified initially by using a PureLink RNA minikit (Life Technologies, Carlsbad,
CA). DNA was removed from purified RNA samples by treatment with TURBO DNase (Life Technologies,
Grand Island, NY) for 45 min at 37°C, and RNA was purified again using an RNeasy minikit (Qiagen).
Quality of purified RNA was assessed with a 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA).
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RNA quantity was assessed by use of a Quant-iT RiboGreen RNA assay kit (Invitrogen, Inc.). To prepare
samples for transcriptome sequencing (RNA-seq) analysis, 2.5 �g of purified RNA from each sample was
processed in accordance with the TruSeq Stranded mRNA sample prep guide, rev. E (Illumina Inc., San
Diego, CA). Each sample was uniquely indexed using the high-throughput (HT) dual-barcoding strategy
as outlined in the sample prep guide. The resulting RNA libraries were fragment sized using DNA1000
Bioanalyzer chips (Agilent Technologies, Santa Clara, CA) and quantitated using a KAPA library quanti-
fication kit (Illumina) combined with Universal qPCR (quantitative PCR) mix (Kapa Biosystems, Wilming-
ton, MA). All samples were diluted to a 2 nM working stock and multiplexed into a single pool using
equal volumes. A 1.8 pM titration point was used to cluster two high-output flow cells on a NextSeq 550
Sequencing System (Illumina), which were sequenced for 75 cycles in each read direction for a total
of 150 cycles each. Raw next-generation sequencing (NGS) reads were processed by first removing any
Illumina adapter sequences using Cutadapt v1.12 (https://doi.org/10.14806/ej.17.1.200), and then
trimmed and filtered for quality and length (min length of 35 bp using FASTX ToolKit v0.0.14, Hannon
Lab, Cold Spring Harbor Laboratory). Trimmed reads for each replicate were then aligned to the Macaca
fascicularis GCF_000364345.1 genome using Hisat2 v2.0.5 (43). Final read counts from mapped tran-
scripts based on the combined replicates, normalized and then differentials for each comparison were
generated using DESeq2 (https://doi.org/10.18129/B9.bioc.DESeq2) for each experimental condition.
(See “Data availability” section for RNA-seq data.) Sequencing data were partially analyzed through the
use of Qiagen’s Ingenuity Pathway Analysis (IPA, Qiagen Redwood City, www.qiagen.com/ingenuity). The
deduced heat map analysis was regraphed for better visualization using Adobe Illustrator CC 2018
(Adobe).

Statistics. Statistical analyses were performed using GraphPad Prism version 7.0e (GraphPad Soft-
ware, Inc.). For comparison of 2 experimental conditions, data were analyzed with a two-tailed, unpaired
t test with Welch’s correction as indicated. To compare 3 or more experimental conditions or treatments,
data were analyzed with a repeated-measures one-way analysis of variance (ANOVA) and Tukey’s
posttest to correct for multiple comparisons.

Data availability. RNA-Seq data are MINSEQE compliant and have been posted online at https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc�GSE137135 under series number GSE137135.
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